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ABSTRACT 
The mussels Choromytilus meridionalis, Mytilus 
galloprovincialis, Perna perna and Aulacomya ater are 
important and often dominant organisms on the littoral and 
sublittoral shores of the South Africa. M. galloprovincialis 
has only recently been identified as a separate species, but 
a cons1derable body of information exists on the physiology 
and energetics of c. meridionalis, P. perna and A. ater. 
However, it is not clear what factors determine the different 
intertidal and geographic distributions of these mytilids. 
Work in the kelp beds has shown that the energy budgets of 
mussels depends on the utilisation of particulate material 
from both kelp and phytoplankton production, which have very 
different structural complexities and biochemical 
compositions. There is very little information on the 
digestive enzymes of South African mussels. The activity of 
these enzymes will be an important factor affecting the 
ability of the mussels to effectively utilise a food 
resource, and this may be a mechanism which partially 
accounts for their differing distributions. This work 
examines the quantitative and qualitative nature of the 
suspended particulate food resource at the boundary of the 
east and west coast mussel ranges, the differences in the 
digestive enzyme activities of the four mussel species that 
might utilise the food resource, and'the animals' abilities 
to digest this particulate material. 
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A typical kelp bed system on the west coast of the Cape 
Peninsula, South Africa, is characterized by pulses of 
upwelling caused by offshore southeasterly winds in the 
summer months and onshore northwesterly winds in winter. 
Large winter swells cause an increase in the fragmentation of 
kelp macrophyte frond tips, and particulate suspensoids have 
mean C:N ratios of 9,90 in winter compared with 8,14 in 
summer, indicating that a large part of the winter 
particulate fraction is derived from kelp material 
(C:N = 11,70 - 17,28) rather than phytoplankton 
(C:N = .6, 40 - 7, 30). The water column particulate load is 
most closely correlated with wind and temperature in summer, 
and wind and swell height in winter. Particulate organic 
carbon and nitrogen available to mussels was 335 µgc.1- 1 and 
41 µgN.1-l in summer and 469 µgc.1-l and 48 µgN.1-l in 
winter. Carbon requirements of C. meridionalis, 
M. galloprovincialis, P. perna and A. ater indicate that the 
carbon demand of all four species could be met in summer and 
winter by the particulate organic carbon component, despite 
summer upwelling events which may remove particulates from 
the area. The particulate organic nitrogen resource can meet 
the nitrogen requirements of P. perna and A. ater, but in 
summer this resource may be limiting for c. meridionalis and 
M. galloprovincialis. 
High Performance Liquid Chromatography was used to examine 
the importance of phytoplankton as a food resource in the 
kelp bed system and qualitative changes taking place in the 
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suspended particulate fraction. Mean chlorophyll .fl 
concentrations were 1,64 µg.1-l in summer and 1,78 µg.1-l in 
winter, and were significantly lower than spectrophotometric 
determinations. The occurrence of fucoxarithin and 
chlorophyll .Q in more than 90% of winter samples indicated 
that much of the particulate component in winter was of 
diatom and kelp origin. Summer phytoplankton blooms were not 
dominated by diatoms. Mean organic carbon ·.to chlorophyll a 
ratios were 344 in summe~ and 742 in winter. These values, 
together with the poor correlations between organic carbon 
and nitrogen, and chlorophyll ,fl, indicated that throughout 
the year, much of the particulate oganic carbon and nitrogen 
available to filter feeders in the system, was of a detrital 
nature. 
The activities of bivalve crystalline style enzymes used in 
.the extracellular digestion of ingested material have 
commonly been measured by the Nelson-Somogyi and Bernf eld 
assays for reducing sugars. During quantitative assays using 
glucose for calibration purposes, there is a two to sevenfold 
discrepancy between the two methods. It seems likely that the 
quantitative discrepancy between the two methods can be 
acounted for by variability in colour response to different 
end products. When the appropriate calibration standard is 
used the two methods are in close agreement. These two 
reducing sugar assays have previously been used with an 
inappropriate standard (glucose) to make quantitative 
estimates of reducing sugar release in order to calculate the 
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energetic gain from crystalline style activity. It seems 
likely that such energy balance studies are in error. 
The rates of reducing sugar release from commercial 
polysaccharide substrates by the major crystalline style and 
digestive gland carbohydrases of C. meridionalis, 
M. galloprovincialis, P. perna and A. ater were examined in 
relation to habitat and distribution of the species. Although 
temperature coefficients for crystalline style a-amylase 
activity in all four species were very similar (1,99 -2,81), 
there were major differences in digestive gland a-amylase 
temperature coefficients, which ranged from 1,97 and 1,99 for 
c. meridionalis and M. galloprovincialis, to 1.00 for 
P. perna. P. perna therefore relies exclusively on 
crystalline style enzyme activity to combat increased 
metabolic demands resulting from higher temperatures. 
A number of a-amylase and laminarinase isozymes of differing 
molecular weights were present in the style and digestive 
gland of the four species of mussel. M. galloprovincialis 
had more isozymes of a-amylase than any of the other mussel 
species. Style a-amylase protein profiles of 
M. galloprovincialis included a peak with a "specific 
activity" of 3142,21 mg maltose.mg protein.h-1 , which was 
more than three times that of any a-amylase activity in the 
other species. This may explain the recent success of this 
species in colonizing the west coast of South Africa. 
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Saccharogenic rates of M. galloprovincialis and P. perna were 
10,51 and 10,54 mg maltose.mg protein.h-l respectively while 
those for c. meridionalis and A. ater ranged between 4,62 and 
6,54 mg maltose.mg protein.h-1 . Higher rates of 
saccharogenesis allow M. galloprovincialis and P. perna to 
colonize the mid intertidal zone where feeding times are 
reduced, while C. meridionalis and A. ater are restricted to 
the low intertidal. Total saccharogenesis by the digestive 
gland of the west coast species c. meridionalis, 
M. galloprovincialis and A. ater was twice that of the south 
and east coast P. perna. The predominantly detrital food 
resources of the west coast may require extensive processing 
by the digestive gland for effective hydrolysis, and 
therefore P. perna is prevented from successfully colonizing 
the west coast. In C. meridionalis and A. ater, which are 
closely associated with the kelp beds, laminarinase activity 
accounted for 57% of total style saccharogenesis, and for 70% 
of total digestive gland saccharogenesis in A. ater. 
Laminarinase accounted for approximately 38% of total style 
saccharogenesis in M. galloprovincialis and P. perna. There 
is therefore some specialization for a laminarin diet in the 
kelp bed mussels. 
Total hydrolytic potential of M. galloprovincialis digestive 
enzymes was 182,50 mgC.h-l compared with values of 
60,4·3-139,12 mgC.h-l for the other mussel species and this 
high potential carbon production may make 
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M. galloprovincialis a very successful competitor on the 
South African coastline. 
Although mussel digestive enzymes readily liberate reducing 
sugars from commercial polysaccharide preparations, rates of 
hydrolsyis of a naturally occurring detrital substrate were 
very much lower and were similar for all mussel species. on 
an hourly basis, the crystalline style could meet between 2% 
and 6% and the digestive gland between 110% and 236% of the 
mussels' carbon requirements by hydrolysis of detrital 
material . Style and digestive gland protein would need to be 
renewed at least once every two hours to meet carbon 
requirements. Mussel digestive enzymes leached pigments from 
diatom and flagellate cells in in vitro incubations, but 
after B hours no cell breakdown was observed. Cell breakdown 
occurred in the mussel gut within 30 minutes. Thus there are 
considerable differences between rates of digestive enzyme 
hydrolysis of commercial· substrates and of detrital material, 
and it is evident that in vitro incubations do not duplicate 
processes in the mussel gut. Bacterial hydrolases or the 
breakdown of food material by trituration in the -gut may 
facilitate the digestive process in mytilids. The role played 
by bacteria in the absorption of organic material was 
investigated. 
The absorption efficiency of M. galloprovincialis fed on 
natural detrital material was 0,27. Subsequent addition of 
antibiotics to the water eliminated 98% of the gut and style 
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bacteria without affecting other physiological functions. 
Absorption efficiencies then declined to 0,16. When gut and 
style bacterial populations were re-established, absorption 
efficiencies in the same animals increased to o, 3 7. Thus 
bacteria appear to play a significant role in bivalve 
digestion of a refractory detrital substrate, although it is 
not clear whether endogenous bacteria or bacteria colonising 
the.particulate material assist in digestion. 
Although there are major differences in the digestive enzyme 
activities of the four mussel species, which appear to be 
related to their distributions, it is difficult to assess the 
significance of these differences as a mechanism accounting 
for the different intertidal and geographic distributions of 
the species, since bacterial activity and probably mechanical 
breakdown of particulate material appear to play an important 
part in the efficiency of utilisation of the food resource. 
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GENERAL INTRODUCTION 
The Mollusca are amongst the most widely studied 
invertebrates in the animal kingdom. A recently published 
t 
review in six volumes (Wilbur, 1983) describes much of the 
accumulated research on this group of animals .since Sir 
~aurice Yonge studied molluscan physiology in the 1920s. A 
great deal of this research has been concentrated on the 
Bivalvia, and a large body of information exists on the 
biochemical and physiological processes of this group. With 
respect to the processes of gains and losses of energy and 
the efficiencies of energy transformation, Bayne and Newell 
(1983) review the physiological energetics of marine molluscs 
and conclude that the combined effects of temperature and 
food availability have the most profound influences on 
physiological energetics in the natural habitat. 
In suspension feeding bivalves, factors relating to the 
capture of particulate food have been particularly well 
studied (for reviews see Bayne, 1976; Winter, 1978; Bayne and 
Newell, 1983) • The mechanics of f iJ,tration and movement of 
filtered particles from the gills to the oesophagus and 
stomach are well understood in lamellibranch bivalves, as are 
the grades of organization in the stomach. The basic 
features of the stomach include a muco-protein crystalline 
style which rotates against a gastric shield, and a digestive 
gland which generally surrounds the stomach and communicates 
with it through a system of ducts. The dissolution of the 
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style and the consequent release of enzymes is the principal 
means of extracellular digestion, while the digestive 
diverticula function mainly as organs of absorption and 
intracellular digestion (for reviews, see Bayne, 1976; 
Morton, 1983). 
Yokoe and Yasumasu (1964), Sova et al. (1970), Kristensen, 
( 1972a) , Gianfreda et al. ( 1979) and Onishi et al. ( 1985) 
describe polysaccharide hydrolase activities in a wide range 
of marine molluscs. Carbohydrases present in bivalves 
include a-amylase, laminarinase and cellulase, as well as 
chitinase (Birkbeck and McHenery, 1984; Smucker and Wright, 
1984), fucosidase (Cabezas et al., 1981), alginate lyase 
{Seiderer et al., 1982) and several glycosidases {Pernas 
et.al., 1981; Mayasich and Smucker, 1986). 
However, apart from the studies of Seiderer et al. {1982) and 
Lucas and Newell (1984), very little in:formation is available 
on how these enzymes relate to the energetics of the animal. 
The regulation of the complement of digestive enzymes and 
their activities forms a mechanism whereby the animal can 
control the amount of food absorbed during passage through 
the digestive system (Bayne and Newell, 1983; Gabbett, 1983). 
It is also possi~le that the distribution of some bivalves is 
limited by their ability to adjust these enzyme activities 
and therefore the absorbed ration, to different conditions. 
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Clearly, the availability of suitable space for habitat and 
the quantity of food available will be of major importance in 
determining distribution. However, where very similar 
organisms such as different mussel species compete for the 
same resource, the ability to utilise the resource more 
efficiently may provide one species with a competitive 
advantage over the others. 
On the South African coastline, four species of mussel occur 
with overlapping but nevertheless fairly distinctly defined 
distributions. Their distributions are currently under 
review {Griffiths, pers. comm.), but the areas of major 
occurrence are shown in Figure 1 which is reproduced from 
Grant et al. {1984). Perna perna is largely confined to the 
south and east coasts bounded by the warm Indian ocean and 
occurs subtidally and in the mid and low intertidal regions. 
Choromytilus meridionalis and Mytilus galloprovincialis occur 
mainly on the cold Atlantic west coast while Aulacomya ater 
is the dominant bivalve subtidally in the kelp bed systems of 
the west coast (Velimirov et al., 1977). 
The intertidal distribution of c. meridionalis, 
M. galloprovincialis and A. ater is of some interest. The 
three species occur in mixed populations in the intertidal 
zone, but c. meridionalis and M. galloprovincialis generally 
greatly outnumber A. ater, which tend to be small compared 
with subtidal animals {Griffiths, 1977; Gardiner, 1980). 
c. meridionalis occurs in the low intertidal zone and 
s 
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Figure 1. 
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Chart of southern Africa showing the areas of 
major distribution of c. meridionalis, P. perna, 
M. galloprovincialis and A. ater, adapted from 
Grant et al. (1984). 
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subtidally in the kelp beds (Griffiths, 198la) while 
M. galloprovincialis occurs in the mid and low intertidal 
zone (Grant et al., 1984; pers obs.). M. galloprovincialis 
has probably only appeared on the South African coastline in 
the last two decades (Grant and Cherry, 1985) and although it 
has not been recorded subtidally in the kelp beds it grows 
well on culture ropes in Saldanha Bay. 
At Blouberg Strand on the west coast, where much of the 
(see Figure l), sampling for mussels was done 
M. galloprovincialis grows far higher above chart datum than 
c. meridionalis, and over the last four years has come to 
dominate the intertidal area formerly occupied by 
C. meridionalis (pers. obs). At Elands Bay, 150 km further 
north, A. ater and C. meridionalis occupied the intertidal 
zone four years ago but recent inspection showed that these 
species have 
Furthermore, the 
been replaced by M. galloprovincialis. 
numbers of M. galloprovincialis on the 
coastline east of Cape Town appear to be increasing (Cherry 
pers. comm.). Thus in the vicinity of the Cape Peninsula, the 
distributions of east and west coast mussel species which 
occupy differing tidal levels on the shore, overlap, and one 
species (M. galloprovicialis) appears to be extending its 
range. Slow clearance rates of A. ater (Stuart,1982; Bayne et 
al., 1984) probably limit this species to the low intertidal 
and subtidal areas. However, it is not clear why a species 
such as c. meridionalis, which has a higher weight-specific 
clearance rate than P. perna (Bayne et al., 1984), is limited 
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to the low intertidal zone, while P. perna extends into the 
mid-intertidal zone where feeding times are limited .. It is 
also not clear why P. perna is unable to successfully 
colonise the kelp dominated western coastline and why the 
range of M. galloprovincialis should be increasing. on the 
basis of particle size, there is no partitioning of the food 
resource among the different mussel species (Stuart and 
Klumpp, 1984) , and in the area of overlap the different 
species are competing for the same food resource. 
In this thesis the hypothesis is tested that the ability of 
the different mussel species to digest particulate foods with 
differing efficiencies influences their distribution on the 
shore. The following work was therefore undertaken to 
investigate the particulate resources available on the west 
coast of the Cape Peninsula, and the ability of the different 
mussel species to exploit this resource. The thesis is 
divided into three sections. The first section describes the 
quantitative and qualitative nature of the particulate 
resource available to filter feeders since it is this which 
will determine whether the ecosystem can support a filter 
feeding population, and how appropiate the digestive enzymes 
are of each of the mussel species. The second section 
examines mussel crystalline style and digestive gland enzyme 
activities. Firstly, the methods that have been commonly used 
to assess carbohydrase activities in molluscs are critically 
evaluated and secondly, the ability of C. meridionalis, 








to hydrolyse purified 
related to the energy 
requirements, diets and distributions of the species. In the 
third section of the thesis, the ability of these 
carbohydrases to release sufficient energy from the 
hydrolysis of naturally occurring particulate material is 
examined and the role of bacteria in the digestion of natural 
food sources is investigated. 
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SECTION I 
THE QUANTITATIVE AND QUALITATIVE NATURE OF PARTICULATE 
RESOURCES AVAILABLE TO KELP BED FILTER FEEDERS. 
8 
The ability of an ecosystem to support a filter feeding 
community will be greatly influenced by the food available. 
The quantity of the food resource may vary with time and 
environmental conditions, thus affecting the capacity of the 
system to support particular filter feeding components, and 
changes in the quality of the food resource will change the 
energy gained from the filtering process. Thus the aim of 
this section is to quantify and qualitatively characterize 
the exact nature of the particulate resource, since it is 
this which will largely determine the effectiveness of the 




CARBON AND NITROGEN RESOURCES AVAILABLE 




The past decade has seen considerable research effort aimed 
at understanding the ecology of kelp bed systems, such as 
those on the west coast of South Africa. Many of the data 
described below were compiled for Oudekraal 
(JJ 0 59 1 S 18°21'E), a typical kelp bed system on the west 
coast of the Cape Peninsula, South Africa, where an upwelling 
plume is a semi-permanent feature of the area during summer. 
Initially, studies provided data on physical and chemical 
parameters, water movements into and out of the system (Field 
et al., 1980; Jury, 1980; Carter, 1982; Brown and Field, 
1986;) standing stocks and growth rates of kelp (Mann et al., 
1979; Dieckmann, 1980; Jarman and c~rter, 1981), and 
phytoplankton biomass and production (Borchers and Field, 
1981; Carter, 1982; Barlow, 1982; Brown, 1984; Brown and 
Field, 1985, 1986). 
Further studies centered on.the fate of kelp production and 
the composition of the particulate and soluble components of 
this production, and its decomposition by micro-organisms in 
the kelp bed community (Newell et al, 1980a, 1981, 1982; 
Velimirov, 1980: Jarman and Carter, 1981: Linley et al., 
1981; Lucas et al., 1981; Newell and Lucas, 1981; Stuart et 
al., 1981; Koop et al., 1982). The succession and energetic 
efficiency of microbes colonizing kelp particulate debris 
(Linley et al., 1981; Newell and Lucas, 1981; Stuart et al., 
1981; Koop et al., 1982; Linley and Field, 1982) ' 
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phytoplankton (Newell et al., 1981) and faecal material from 
the consumer community (Stuart et al., 1982b) have also been 
reported. 
Extensive surveys were made of the consumer communities 
inhabiting the kelp beds on the South African west coast 
(Field et al., 1977; Velimirov et al., 1977;), and various 
studies have been carried out on the standing stocks, 
production and energetics of the most important consumer 
organisms in the kelp bed (Velimirov et al., 1977; Griffiths 
and King, 1979a,b; Greenwood, 1980; Griffiths, 1980a,b; 
Stuart, 1982; Klumpp, 1984; Stuart and Klumpp, 1984;). 
Kelp bed fauna is dominated by filter feeders which comprise 
72% of total standing stocks, accounting for 77% of total 
production and 84% of total consumption (Newell et al., 
1982). Several authors have described the filtration and 
assimilation efficiencies of the mussels, sponges and 
ascidians that make up 64% of the filter feeding component 
(Griffiths and King, 1979a; Griffiths, 1980a,b; Stuart, 1982; 
Klumpp, 1984; Stuart and Klumpp, 1984). 
Since a good deal is known about the production and 
population energy requirements of the kelp bed community, it 
has been possible to describe the energy balance of the 
community (Newell et al., 1982). The carbon and nitrogen flow 
through the system arising from detrital, phytoplankton and 
bacterial sources has also been quantified (Newell and Field, 
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1983) . The different trophic pathways under upwelling and 
downwelling conditions have been modelled by Wulff and Field 
(1983). Newell and Field (1983) concluded that the consumer 
community depends on the utilization of carbon directly from 
the sources of primary production rather than via decomposer 
organisms, which could contribute only 9% of the estimated 
carbon requirements. They calculated that sources of primary 
~production could meet 87,6% of the estimated nitrogen 
requirements of the consumer organisms, and bacteria could 
supply 59-73% of the nitrogen requirements, although the 
contribution by bacteria to the nitrogen budget of different 
organisms will depend on how efficiently they can be filtered 
from the water column (Stuart and Klumpp, 1984; Lucas et al., 
1987). Estimates of carbon and nitrogen resources available 
to the consumers were obtained indirectly from measurements 
of primary production and C:N ratios of macrophytes and 
phytoplankton in the system (Newell et al., 1982; Newell and 
Field, 1983). However these sources may not provide a 
realistic estimate of the particulate food resources 
available to filter feeders. The system is subjected to 
pulses of upwelling generated by strong southeasterly winds 
in the spring and summer, followed by periods of downwelling 
(Andrews and Cram, 1969; Andrews and Hutchings, 1980; Field 
et al, 1980), which can result in a very rapid export and 
import of organic material and nutrients~ During strong 
upwelling and downwelling regimes the water volume of a kelp 
bed is exchanged between three and seven times a day (Field 
et al., 1980). Thus although phytoplankton and macrophyte 
13 
production in the kelp bed can be measured, during conditions 
of upwelling and export, the particulate organic load in the 
water column may be too low to sustain filter feeders, while 
during downwelling and the import of organic material from 
the offshore region, the particulate load may be much higher 
than would be expected from production studies. Since the 
upwelling season lasts approximately eight months of the year 
(Wulff and Field, 1983), it is possible that filter feeding 
organisms are nutritionally stressed by low levels of 
particulate material in the water column, in spite of very 
high primary production rates recorded in the area 
(Dieckmann, 1980; Borchers and Field, 1981; Carter, 1982). 
Carter (1982) has reservations about annual phytoplankton 
production estimates because of the acccumulated errors in 
extrapolating daily and seasonal rates to annual rates in 
such a variable system. Brown and Field (1985) describe large 
scale diel fluctuations in phytoplankton productivity. In an 
attempt to characterize short term fluctuations in a highly 
variable system and to assess the carbon and nitrogen 
resources available to the filter feeding community in a kelp 
bed system, an intensive sampling programme was carried out 
for two months in summer and one month in winter. The object 
of this was to determine the effect of physical parameters on 
particulate load in the water column and to assess whether 
these food resources balanced the requirements of different 
mussel species. A comparison could be made between food 
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resources estimated from primary production studies and those 
actually measured in the water column. 
MATERIALS AND METHODS 
Sampling procedure: Particulate carbon and nitrogen 
Water samples were collected daily at 0800 h from the shore 
at Oudekraal for 52 days in November/December 1984, which is 
defined as the main spring/summer upwelling season (Andrews 
and Hutchings, 1980), and 31 days in June/July 1985 (winter). 
The water was passed through a 200 µm mesh to remove large 
particles, and a measured volume of between 100 ml and 
900 ml, depending on particulate load, was immediately 
filtered through a pre-ashed (4oo 0 c for 6h) 25mm Whatman GF/F 
filter by gentle hand pump filtration. Filters were oven 
dried at so0 c for three days and combusted in a Heraeus CHN-
Mikro Universal combustion analyser calibrated with 
cyclohexanone (Monar, 1972) . As a control, unused but pre-
ashed filter papers were combusted and the carbon and 
nitrogen present were subtracted from experimental results. 
The net carbon and nitrogen values for each filter paper were 
expressed as µg.1-l and compared with the carbon and nitrogen 
requirements of four mussel species and primary production 
estimates of water column particulate carbon and nitrogen. 
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Environmental parameters 
Sea temperature was measured at the time of sample collection 
and a visual estimate made of swell height. Average daily 
wind speed and direction at a height 10 m above the sea 
surface were obtained from the Koeberg weather station about 
10 km nor~h of the sample site. The longshore wind component 
was calculated according to the upwelling index. 
Vt = U(Cos 9-160) 
where U = wind speed, e = wind direction and 160 is the 
orientation of the Cape west coast (Jury, 1980). These were 
plotted on a scale of +10 to -10 where O represents the 
boundary between upwelling (+) and downwelling (-). Multiple 
stepwise correlation analysis was performed using Statpro 
(Wadworths), to assess the influence of temperature, wind and 
swell on particulate carbon and nitrogen levels in the water 
column. Analysis was terminated when no additional variable 
was correlated below the 0,05 significance level. 
C:N ratios 
To calculate ambient C:N ratios for suspended particles, the 
material accumulating on the 0,45 µm intake filter of the 
Sea Fisheries Research Institute aquarium pump, which draws 
water directly from the sea 5 km from Oudekraal, was 
backwashed into a container and the contents centrifuged 
(7000 x g for 15 mins) to precipitate organic matter. The 
precipitate was lyophilized and three weighed samples were 
combusted in the CHN analyser. This procedure was repeated on 
·' 
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three occasions. This material was considered to be a mixture 
of phytoplankton and detritus. During the summer sampling, 
tips of mature kelp fronds were removed, lyophilized, pooled, 
pulverized and three weighed samples were subjected to CHN 
analysis. 
RESULTS AND DISCUSSION 
Summer and winter means of all the variables measured are 
summarized in Table 1. 
Temperature and Wind 
In Figure 2 A the longshore component of windstress shows 
that during the summer months, the Oudekraal area was 
characterized by strong southeasterly winds which caused 
upwelling of cold water into the system (Figure 2 B). When 





of the water 
column or downwelling occurred. This was accompanied by a 
rise in water temperature. In winter onshore northerly winds 
prevailed, little upwelling occurred and sea temperatures 
remained fairly stable. This is in agreement with previous 
studies such as those of Field et al., ( 1980), Andrews and 
Hutchings (1980), Dieckmann (1980), Carter (1982), and Brown 
and Field (1985~ 1986). 
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TABLE 1 
Summary of summer and winter means of all variables measured. Significant seasonal 
differences are also shown. 
Variable Surnmer(+SD) Winter(+SD) Significant 
difference (t test) 
Temperature (°C) 12,l (+ 1,7) 15,2 (+ 1,0) + (p < 0,01) 
Wind (U}welling 
Index 2,45 (+ 3,76) -0,93 (+ 3,29) + (p < 0,01) 
Swell height (m) 0 ,4 9 ( + 0' 66) l, 25 (!_ 0' 92} + (p < 0,01) 
Carbon µg.1- 1 533 (+ 242) 764 (+ 425) + (p < 0,01) 
. Nitrogen µg.1- 1 66 (+ 29} 79 (~ 43} - (p > 0,05} 
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kelp bed. 
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Figure 2 A and B clearly shows the pulsed nature of the 
summer southerly winds and the consequent upwelling processes 
(hatched areas) • Southeasterly winds blew for periods of 
approximately five days, after which wind stress relaxed 
before the next pulse. Strong offshore winds in summer were 
usually accompanied by a drop in sea temperature which 
generally lagged the wind factor by a day (Figure 2 A and B) . 
Five major pulses of southeasterly winds occurred, between 
days 4-9, 11-16, 18-22, 27-33 and 39-44. The second pulse was 
not strongly marked by a temperature drop because of solar 
heating, but high nitrate concentrations recorded in water 
samples taken during this period indicated that upwelling had 
occurred (Muir, 1986). When strong northwesterly winds blew, 
such as on days 34-36 and 49-53, sea temperatures rose 
rapidly to winter levels. Al though the prevailing wind was 
northwesterly in winter, on days 6-8 strong southeasterly 
winds blew and a sharp drop in temperatures occurred (Figure 
2 A and B). Thus sea temperatures were closely associated 
with the wind regime. 
Mean summer sea temperature for the sampling period was 
12,1 (+ 1,7) 0 c, which is close to the mean sea surface 
temperature of 12,7°c for the 1977/78 and 1978/79 upwelling 
season (Brown and Field, 1986). Mean winter sea temperature 
was 15,2 (± 1,0) 0 c which is higher than the 13,2°c of Brown 
and Field (1986). Seasonal differences in sea temperature are 
significant (t-test, p < 0,01). 
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Wave action 
Strong northwesterly winds generated large swells (Figure 2 A 
and C) and these may reach a height of 5-7 m (Velimirov 
et al., 1977; Field et al., 1980), producing considerable 
turbulence in the inshore area. The largest swells recorded 
during the sampling period were 3,5 m. In summer wave action 
is much reduced, and long periods of calm seas may occur 
(Figure 2 C) , al though even in summer, northwesterly winds 
will rapidly increase swell size (see Days 3-4, 25-26, 34-37 
and 49-53 in Figure 2 A and C). Mean winter swell height was 
1,25 (± 0,92) m while the summer mean was 0,49 (±0,66) m. 
Seasonal differences in swell height are significant (t-test 
p < 0,01). 
Particulate load 
It has been generally accepted that during upwelling, when 
offshore winds move surface waters away from the coast, 
particulate and chlorophyll concentrations decline to very 
low levels (Field et al., 1980; Brown, 1981; Barlow, 1982; 
carter, 1982; Brown and Field, 1985, 1986). However, Figure 2 
D and E shows that during the main upwelling season, even 
though strong southeasterly winds blow at regular intervals 
(Figure 2 A), levels of particulate carbon and nitrogen in 
the water column, although lower, are less variable than in 
winter. Mean summer chlorophyll .s concentration was 
1,64 µg.1-l (Chapter II) and seldom declined to the very low 
values recorded further offshore in newly upwelled water 
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(Andrews and Hutchings, 1980; Barlow, 1982; Brown and Field, 
1986; Lucas et al., 1986).· In the inshore region, because of 
the sheltering effect of the mountainous Cape Peninsula and 
increasing bottom drag, rates of upwelling are lower than 
further offshore (Andrews and Hutchings, 1980), and the 
southeasterly summer winds may therefore not be overridingly 
important in regulating the food available to inshore primary 
consumers. Field et al. (1980) have shown that during 
upwelling, currents in the water column are offshore at the 
surf ace and onshore on the bottom, and bottom currents may 
reach speeds of 10 cm.sec-l or more during active upwelling. 
These onshore bottom currents may resuspend enough material 
to maintain particulate organic levels in the water column 
(Figure 2 D and E). 
It has also been stated that there is a large export of 
organic matter by wind driven water currents in the upwelling 
season during rough weather, because of the fragmentation of 
kelp and the resuspension of bottom material (Field et al., 
1980; Newell et al., 1982) . Figure 2 c demonstrates that 
large waves were not a common phenomenon in summer, and on 
only 3 days out of 54 was the swell height > 2m. Thus the 
importance of resuspension and export of organic matter by 
the combined action of waves and off shore winds should not be 
overestimated in the context of kelp bed dynamics. In winter, 
onshore winds may result in a net import of offshore detritus 
and phytoplankton to the inshore region (Field et al., 1980) 
but more importantly, the large swells generated by these 
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winds greatly increase kelp plant erosion and destruc~ion, as 
well as the resuspension of particles that have sunk to the 
sea bed. 
a) Carbon 
With the import of detrital/phytoplankton particles by 
onshore winds and the increased erosion and destruction of 
kelp by strong wave action, higher particulate carbon levels 
might be expected in winter than in summer, and this is 
evident from Figure 2 D. Mean daily particulate carbon levels 
were 764 (± 425) µgc.1- 1 ) in winter and 533 (± 242) µgc.1- 1 
in summer. These values compare well with those reported by 
Stuart and Klumpp (1984) and Seiderer and Newell (1985). 
Seasonal differences were significant (t-test, p < 0,01). In 
both summer and winter, an increase in swell height and 
therefore wave action was generally accompanied by an 
increase in the particulate carbon levels in the water column 
(Figure 2 C and D). Field et al. (1980) also recorded 
increases in particulate matter with increased swell height. 
b) Nitrogen 
Changes in particulate nitrogen levels in the water were 
very closely linked with fluctuations in particulate carbon 
levels and were also more variable in winter than in summer 
(Figure 2 D and E). Mean daily particulate nitrogen was 
66 (± 29) µg .1-l in summer and 79 (± 43) µg .1-l in winter. 
Thus winter levels were again higher than summer levels. 
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c) C:N ratio 
Al though both carbon and nitrogen concentrations fluctuate 
synchronously, Figure 2 E shows that C:N ratios of the 
particulate load in the water column were considerably higher 
in winter than in summer. The winter mean was 9.90 (± 2,08) 
and the summer mean was 8, 14 (± 1, 6). Seasonal differences 
were significant (t-test, p < 0,01). Increases in swell 
height both in summer and winter were followed within a day 
by an increase in the C:N ratio (Figure 2 E and F). The mean 
C:N ratio of three samples of Laminaria pallida frond tips 
was 17,28 (± 0,01) while that of the phytoplankton/detritus 
from the aquarium pump filter was 7,80 (± 0,67). An increase 
in partidulate C:N ratios is therefore likely to be a result 
of increased input of kelp particulate matter, rather than 
phytoplankton/detritus, or phytoplankton, which has a C: N 
ratio of between 6,40 and 7,30 (Bishop et al., 1978; Seiderer 
et al., 1984; Seiderer and Newell, 1985). Increased 
macrophyte fragmentation resulting from the strong wave 
action associated with predominantly northwesterly winds in 
winter (Figure 2 A and C) , probably account for elevated 
winter C:N ratios. 
The model of trophic relationships in the kelp bed at 
Oudekraal (see Wulff and Field, 1983) predicts that under 
continuous downwelling conditions, phytoplankton from the 
pelagic zone enters the kelp bed and may form up to 93% of 
the food available to filter feeders. In winter, onshore 
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winds and downwelling occur most of the time (Figure 2 A) , 
and on the basis of the model, a high proportion of 
phytoplankton would therefore be expected in the particulates 
in. the water column. A C:N ratio of 9,90 in winter ·implies 
that during continuous downwelling, a large proportion of the 
particulate matter is of macrophyte origin, particularly as 
Laminaria frond C:N ratios are only 11,70 in winter 
(Dieckmann, 1978). Table 2 shows that swell size is 
significantly correlated with particulate carbon and nitrogen 
levels in winter, and therefore should not be ignored in a 
model. 
Relationship between particulate load and environmental 
parameters 
The results of stepwise multiple correlation analysis of 
environmental parameters and particulate carbon and nitrogen 
are shown in Table 2. The summer carbon and nitrogen 
particulate load was most highly correlated with temperature, 
whereas in winter, wind and swell were the most important 
factors affecting carbon and nitrogen levels. Carbon was 
negatively correlated with wind in summer, since the 
prevailing offshore wind removes particulates from the area. 
In winter the wind/carbon correlation was positive since the 
onshore northwesterly winds import particulates and generate 
strong wave action which increases kelp frond erosion. 
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TABLE 2 
The independent parameters influencing water column particulate carbon and nitrogen loads 
as determined by step~ise multiple correlation analyses (p (0,05). 
Dependent variable Independent variable Sign Cumulative r2 
ugc.1-1 Summer Temperature + 0,197 
Wind 0,288 
ugN.1-1 Summer Temperature + 0,079 
ugc.i-1 Winter Wind + 0,205 
Swell + 0,292 
ugN .i-1 Winter Wind + 0,212 
Swell + 0,303 
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Comparison of measured particulate concentration with 
estimates of primary production 
Although the kelp bed system is not closed and there is 
considerable water turnover, particularly during times of 
strong upwelling and downwelling, a comparison can be made 
between the resources available for filter feeder consumption 
estimated from primary production, and those actually 
measured in the system. This is shown in Table 3. Energy 
balance in the various trophic levels of the kelp bed 
community at Oudekraal has been reviewed by Newell and Field 
(1983). Production of particulate organic matter by 
macrophytes and phytoplankton amounts to 1100 gc.m-2 .y-1 
while particulate nitrogen production is 150 gN.m-2 .y-1 . The 
average depth of the kelp bed.is 10 m (Field et al., 1980). 
Thus production is 110 mgc.1-1 .y-l and 15 mgN.1-1 .y-1 • 
Although particulate carbon and nitrogen concentrations 
fluctuate somewhat (Figure 2 D and E) it can reaso:r:iably be 
assumed for the purposes of this comparison that macrophyte 
derived particulates and phytoplankton production enter the 
water column at a regular rate throughout the year. Therefore 
301 µgc.1-l and 41 µgN.1-l would enter the system every day. 
The present study showed that particulate carbon in the water 
column averaged 533 µgc.1- 1 in summer and 765 µgc.1- 1 in 
winter. The particulate load comprises some inorganic 
component. This was examined in detail by Field et al. 
(1980), who sampled the particulate fraction at Oudekraal 
over 24 days that included calm and very rough weather. From 
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TABLE 3 
Comparison of estimates of particulate carbon and nitrogen 
entering the kelp bed from primary production (Newell and 
Field, 1983), and organic carbon and nitrogen measured in the 
water column. To convert carbon and nitrogen per m-2 to 
carbon and nitrogen per 1-1 , the kelp bed is assumed to have 
an average depth of 10 m (Field et al., 1980), and 
particulates from primary production are assumed to enter the 
system at a uniform rate. 
Primary Production 




380 µgc.1- 1 
43 -1 µgN .1 . 
28 
this study the percentage organic matter present at different 
swell heights may be calculated. At < 1 m and 1-2 m swell 
height, the organic fraction was 62% and 64% respectively of 
the particulate load, while at > 2 m swell height there was a 
decline to 53% organic matter. Thus a mean value of 63% 
organic matter for swell conditions of 2 m or less and 53% 
for > 2 m swell conditions was used. Mean daily summer 
particulate organic carbon and nitrogen levels were therefore 
335 µgc.1- 1 and 41 -1 µgN.l I and mean winter levels were 
469 µgc.1- 1 and 48 -1 µgN.l . Since the upwelling (summer) 
season prevails for 8 months of the year and the winter 
season for 4 months (Wulff and Field, 1983) the daily average 
over a year was 380 µgc.1- 1 and 43 µgN .1-1 . These values 
agree well with those calculated from production studies 
(Table 3). 
Potential yield of particulates to consumers 
Between 80 and 99 percent of particles in the water column 
are in the size range 5-20 µm during upwelling and 
downwelling (Field et al., 1980; Stuart and Klumpp, 1984) , 
and are therefore available to the kelp bed filter feeders as 
food. Thus data on particulate carbon and nitrogen levels in 
the water column may be used to compare potential yield with 
the carbon and nitrogen requirements of the mussels that 
occur on the coast, although such energy budgets are 
relatively crude. Many factors such as changes in ingestion 
rates and gut residence times with season or particulate 
load, environmental factors, varying rates of protein 
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synthesis and rythms of digestion, absorption and excretion 
may play a part in regulating nutrient acquisition (for 
review see Bayne and Newell, 1983; Hawkins et al.,1983; 
Hawkins and Bayne, 1984, 1985; Widdows et al, 1984; Hawkins, 
1985). Processes that occur at the benthic boundary layer may 
also at times modify the availability of particulate material 
to suspension feeders (Wildish and Kristmanson, 1984; 
Frechette and Bourget, 1985). The calculation of the 
potential yield of particulates to consumers is shown in 
Table 4. 
There are numerous data on clearance rates, absorption 
efficiencies and respiration rates of the South African 
mussels Choromytilus meridionalis, Perna perna and 
Aulacomya ater (Griffiths and King, 1979a; Griffiths, 
1980a,b; Stuart et al., 1982; Berry and Schleyer, 1983). 
Clearance and respiration rates of Mytilus galloprovincialis 
are not available. This species has only recently been 
described in South Africa, and on the west coast it has for 
many years been mistaken for P. perna, while P. perna is 
rarely found on the west coast (Grant et al., 1984; Grant and 
Cherry, 1985) . Bayne et al ( 1984) describe clearance and 
respiration rates and the absorption efficiency of P. perna 
from Blott.berg Strand on the west coast. There is a good 
chance that these animals were in fact M. galloprovincialis, 
and an estimate of the clearance and respiration rates and 




Carbon requirements of mussels compared with potential carbon absorbed from the organic 
particulate fraction in the water column. Caroon requirements are calculated from routine 
respiration rates multiplied by a factor of 2 (Bayne and Newell, 1983) using a conversion 
of 1 ml 02 = 530 µgC (Hawkins and Bayne, 198"5). Potential yield is obtained by 
multiplying clearance rate by organic carbon available. Carbon absorbed is the product or 
absorption efficiency and JOtential yield. Clearance rates and oxygen consumption values 
are for a temperature of 12 C. 
A. ater C. meridionalis M.gallo- P.perna 
provincialis 
o~~en g~ns~T)tion 
(µ 2.h .g 170 430 450 222 
Carbon 
required (ug.h-1.g-1) 180 456 477 235 
Clearance rate 1, 91 5,37 4,50 4,45 
(l.h-1.fl) 
Organic Carbon Summer 335 335 335 335 
available 
(µg.1-1) Winter 469 469 469 469 
Potential ¥ield Summer 640 1799 1507 1491 
(µg.h-1.f ) 
Winter 896 2519 2110 2087 
Absorption efficiency 0,50 0,40 0,40 0,61 
Carbon absorbed Summer 320 720 603 910 
(ug.h-1.g-1) 
Winter 448 1008 844 1273 
% of Requirements Summer 178% 158% 126% 387% 
Winter 249% 222% 177% 542% 
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the basis of those for P. perna at Blouberg Strand (see Bayne 
et al., 1984). 
Values for oxygen consumption are for routine respiration 
rates at 12°c and clearance rates for all four species are 
for cell densities of approximately 10 x 106 cells.1-l at the 
same temperature. Clearance and respiration rates of P.perna 
(Berry and Schleyer, 1983) were corrected from 20°c to 12°c 
using a Q10 of 2,36 calculated by Miller (quoted by Berry and 
Schleyer, 1983) from measurements of the rate of oxygen 
consumption by P. perna. The assumption is made that the same 
temperature coefficient applies to clearance rate (see also 
Bayne et al., 1984). carbon requirements have been estimated 
from routine respiration rates multiplied by a factor of 2 to 
allow for growth and reproduction in field populations (Bayne 
and Newell, 1983) and a respiratory quotient of 
1 ml o2 = 530 µgc (Hawkins and Bayne, 1985). Potential yield 
is obtained from the product of the concentration of the 
resource, which appears to be always available, and the 
clearance rate (See Table 4). 
The absorbed ration has been calculated from literature 
estimates of absorption efficiencies. Stuart et al. ( 1982) 
have shown that kelp debris is absorbed with an efficiency of 
o,50 by the mussel A. ater. When feeding on natural detritus, 
c. meridionalis and P. perna had absorption efficiencies of 
o,40 and 0,61 respectively (Griffiths, l980b; Berry and 
schleyer, 1983) while an absorption efficiency of 0,40 was 
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used for M. galloprovincialis (see Bayne et al., 1984 for 
P. perna at Blouberg Strand) . It can be seen from Table 4 
that the carbon demands of all four mussel species could 
easily be met in summer and winter by the organic particulate 
component in the water colunm, despite summer upwelling 
events which reduce chlorophyll concentrations to low levels 
(Field et al., 1980; Carter, 1982; Brown, 1984; Brown and 
Field, 1986). It is of interest that between 127% and 249% of 
the carbon requirements of C. meridionalis, 
M. galloprovincialis and A. ater, which occur mainly on the 
west coast, can be met by the kelp bed particulate organic 
fraction, whereas over 380% of the carbon requirements of 
P. perna, which occurs mainly on the south and east coasts, 
are met. This is a result of the high absorption efficiencies 
and relatively low metabolic rates of P. perna (Berry and 
Schleyer, 1983), and is probably an adaptation to the low 
organic content of the south and east coast seston 
(Griffiths, 1980b; Berry and Schleyer, 1983; Bayne et al., 
1984) compared with the west coast levels (Bayne et al., 
1984; Stuart and Klumpp, 1984). 
Little is known about the nitrogen requirements of south 
African mussels. Nitrogen requirements of Mytilus edulis vary 
with season, growth and reproductive condition (Bayne and 
Widdows, 1978; Hawkins, 1985; Hawkins and Bayne, 1985), and 
caution must be exercised when considering nitrogen 
requirements that have not been experimentally determined. 
However an estimate of the nitrogen requirements of these 
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animals can be obtained from the carbon requirements and 
tissue C:N ratios and is shown in Table 5. The C:N ratio of 
M. edulis flesh is 4,74 (Hawkins, 1983) and this was used for 
all four mussel species. It can be seen from Table 5 that in 
summer and winter, nitrogen from the particulate resource 
could satisfy the requirements of A. ater and P. perna. 
However, particulate nitrogen resources are limiting for 
c. meridionalis in summer and for M. galloprovincialis in 
summer and winter. The importance of nitrogen-rich bacteria 
in mussel nutrition is not clear. Bacteria in the kelp bed 
water column contribute a total of 99 gN.m-2 .y-l (Newell and 
Field, 1983). Muir et al. (1986) have shown that bacteria can 
be filtered from the water column by c. meridionalis. 
However, Stuart and Klumpp (1984) and Lucas et al. (1987) 
showed that bacteria cannot be filtered efficiently by 
mussels. The crystalline styles of both c. meridionalis and 
M. galloprovincialis contain enzymes capable of lysing water 
column bacteria (Seiderer et al., 1984; Muir et al., 1986; 
seiderer, pers. comm.), and bacteria may therefore assist to 
a limited extent in making up the nitrogen deficit of these 
two species. It would be of interest to determine whether 
A. ater and P. perna can produce bacteriolytic enzymes. 
Energy balances for various kelp bed filter feeders and for 
the kelp bed as a whole have been described before (Newell 
et al., 1982; Stuart, 1982; Newell and Field, 1983; Klumpp, 
1984; Stuart and Klumpp, 1984; Seiderer and Newell, 1985). In 
all cases the animals described have been shown to maintain a 
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TABLE 5 
Nitrogen requirements of mussels compared with potential nitrogen absorbed from the 
organic particulate fraction in the water column. Nitrogen requirements are estimated from 
the carbon reqµirements shown in Table 3 and a C:N ratio of 4, 74 (Hawkins,1983) . 
Potential yield is obtained by multiplying clearance rate by organic nitrogen available. 
Nitrogen aflsorbed is the product of absorption efficiency and potential yield. Clearance 
rates are for a temperature of 12° C. 
A.ater 
Nitrogen 




Organic Nitrogen Summer 41 
available 
(µg.l-1) Winter 48 
Potential Yield Summer 78 
(µg.h-1.g-1) 
Winter 92 
Absorption efficiency 0,50 
Nitrogen absorbed Summer 39 
(µg.h-1.g-1) 
Winter 46 








































positive energy balance using the particulate resources 
available. However, a point that has not been stressed is the 
relevance of unchanged absorption efficiencies of many of the 
kelp bed filter feeders when subjected to high natural 
particulate loads (Griffiths, 1980b; Stuart 1982; Klumpp, 
1984). In a system as variable as the kelp bed it is 
necessary to maintain high absorption efficiencies during 
periods of high particulate load, in order to maintain a 
positive energy balance. Kelp bed filter feeder requirements 
are 1297 and (Newell and 
Field,1983). On a daily basis this amounts to 3,55 gc.m-2 .d-l 
and 0,44 gN.m-2 .d-1 . Since the average depth of the kelp bed 
is 10 m (Field et al., 1980), this represents 355 µgc.1- 1 .d-l 
and 44 -1 -1 µgN.l .d . If the organic fraction comprises 
approximately 60% of the particulate load then filter feeders 
require a daily mean of 592 µgc.1-l and 73 µgN.1-l to 
maintain a positive energy balance. This is shown as the 
limiting line in Figure 2 D and E. Assuming that consumers 
are feeding on water of mean particle concentration (see 
Widdows et al., 1979; Field et al, 1980), it can be seen that 
periodically, particularly in summer, the filter feeder 
carbon and nitrogen requirements may be undersupplied. 
Therefore, in order acquire sufficient reserves to meet their 
energy requirements in times of undersupply, these organisms 
must be able to utilise all the available food when their 
requirements are oversupplied, and this requires the 
maintenance of high absorption efficiencies at high 
particulate loads. Even at the highest particulate loads 
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recorded in the field (1910 µgC.1- 1 ) mussel absorption 
efficiencies are not reduced (Griffiths, 1980b; Stuart 
et al., 1982; Berry and Schleyer, 1983). 
CONCLUSIONS 
The physical factors affecting particulate carbon and 
nitrogen concentrations in the kelp bed have been described. 
Summer upwelling events do not restrict the food available to 
mussels that occur on the South African coastline, although 
nitrogen resources may be limiting for c. meridionalis and 
M. galloprovincialis. Winter particulate concentrations are 
higher than summer levels and comprise a greater proportion 
of kelp detritus. Food resources measured in the water column 
closely match those predicted from primary production 
studies. Although winter particulates appear to be comprised 
largely of material originating from macrophytes in the 
system, it is not clear what part phytoplankton plays in the 
nutrition of resident filter feeders, and seasonal changes 
may occur in the composition of the food available. Using 
High Performance Liquid Chromatography, the pigment matrix in 
the water column is investigated in the next chapter, to 
determine qualitative changes that may occur in particulate 
material in the water column. 
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CHAPTER II 
THE QUALITATIVE NATURE OF THE PARTICULATE RESOURCE 
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INTRODUCTION 
On the west coast of south Africa frequent pulses of 
upwelling, generated by strong south-easterly winds result in 
the rapid escalation of nutrient concentrations in the 
inshore and offshore regions. Once upwelling relaxes or 
downwelling occurs, phytoplankton production increases very 
rapidly in response to the high nutrient levels (Andrews and 
Hutchings, 1980; Field et al., 1980; Carter, 1982; Brown and 
Field, 1986). Phytoplankton thus represents a potential food 
source for filter feeders in the inshore region. Although 
high C:N ratios indicate that in winter much of the 
particulate material in the kelp beds derives from 
macrophytes (Chapter I), phytoplankton contributes 
approximately 50% of the primary production in the inshore 
area (Newell et al., 1982), and it is not clear how important 
this component is in the diet of filter feeders utilizing the 
particulate resource. Phytoplankton cells are generally 
enclosed in a cellulose or silica based cell wall, but 
contain considerable protein, carbohydrate and lipid reserves 
(Rayrnont, 1980; Barlow, 1982). Kelp derived detrital material 
is likely to consist mainly of structural polysaccharides and 
some laminarin storage products. Thus the food value of the 
two particulate resources, the ease with which such foods are 
digested and the enzymes neccessary for such digestion will 
be different. By following changes in the chlorophyll-like 
pigments of the particulate material in the water column in 
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relation to environmental variables, factors affecting the 
growth and status of the phytoplankton population in the kelp 
bed system can be determined. Using chlorophyll s : carbon 
ratios, a good idea of the relative contribution of· 
macroalgal detritus and phytoplankton particulates to the 
diet of the filter feeders in the area may be obtained. 
Chlorophyll concentrations have been used for many years as a 
determinant of phytoplankton biomass in oceans around the 
world. Lorenzen and Jeffrey (1980) describe the development 
of methods for estimating phytoplankton chlorophylls, using 
spectrophotometric and fluorescence techniques. Schwartz and 
von Elbe (1982) review the systems available for the analysis 
of plant pigments. Briefly, Richards and Thompson (1952) 
d.escribed some of the first trichromatic equations which were 
later replaced by improved versions (Scor-Unesco, 1966; 
Strickland and Parsons, 1972). Trichromatic equations based 
on the most recently determined chlorophyll extinction 
coefficients are' given by Jeffrey and Humphrey (1975). The 
introduction of fluorometric techniques greatly improved the 
sensitivity of chlorophyll measurements (Yentsch and Menzel 
1963; Holm-Hansen, et al., 1965). However, both these methods 
suffer from the fact that chlorophyll degradation products 
are not distinguished from active chlorophyll and as a 
result, phytoplankton biomass may be considerably 
overestimated. These degradation products may constitute a 
significant fraction of the green pigments, particularly in 
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senescent phytoplankton or phytoplankton/detrital assemblages 
(Mantoura and Llewellyn, 1983). 
Lorenzen (1967) introduced an acidification procedure which 
alters the spectral properties of chlorophyll a by converting 
it to phaeophytin £, but does not alter the spectral 
properties of breakdown products such as phaeophytin and 
phaeophorbide. The change in absorbance before and after 
acidification could thus be related to · the amount of 
chlorophyll £ originally present. Although this step 
constituted. an improvement, it did not resolve the main 
difficulty inherent in the spectrophotometric and 
fluorometric determination of chlorophyll, namely the 
inability to separate the matrix of pigments from their 
degradation products, present in most natural phytoplankton 
populations. Other chlorophyll degradation products such as 
chlorophyllide £, which has a similar absorbance maximum and 
only slightly lower molar extinction to chlorophyll £, may 
constitute a significant proportion of the chlorophyll 
~ fraction that is converted to "phaeopigments". Also, 
carotenoid pigments, which may be better indicators of algal 
biomass (Shimura and Fujita, 1975), are not determined by 
this method. carotenoids such as fucoxanthin, a major pigment 
in diatom populations (Raymont, 1980), undergo spectral 
changes on acidification, which interfere with the 
determination of chlorophyll £ and phaeopigments (Rieman, 
1978, 1982). 
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Separation of pigments by various means overcomes the 
problems of their mutual interference during analysis. Paper 
chromatography (Holden, 1962; Jensen, 1978), column (Strain 
et al., 1968, 1971) and thin layer chromatography (Jeffrey, 
1968, 1974, 1981; Garside and Riley, 1969; Daley et al., 
1973; Shiraki et al., 1978; ) have been used for this 
purpose, but the techniques are often slow and insensitive 
and are not compatible with large sample numbers and 
photolabile pigments. High Performance Liquid Chromatography 
(HPLC) has recently been used to overcome these limitations 
(Jacobsen, 1978, 1982; Brown et al., 1981; Wright and 
Shearer, 1984; Mantoura and Llewellyn, 1983; Monteiro, 1986; 
Monteiro et al., 1986), and reverse phase conditions are 
preferred to normal phase because the polar stationary phases 
of the latter promote pigment degradation (Braumann and 
Grimme, 1981). Comparisons of the results of HPLC, 
spectrophotmetric and fluorometric determinations of 
chlorophyll g in phytoplankton populations have generally 
indicated that chlorophyll g concentrations are seriously 
over-estimated by the last two methods (Jacobsen, 1978, 1982; 
Mantoura and Llewellyn, 1983). 
Although HPLC separation of algal pigments offers a method 
for accurate quantification of the various elements of the 
water column pigment matrix, as yet few studies have made use 
of this method to analyse fluctuations in various components 
of the matrix as an indicator of physiological and structural 
changes in the water column algal population. The amount of 
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chlorophyllide, phaephorbide and phaeophytin present in the 
water column can provide valuable information on the status 
of the phytoplankton population and the grazing pressure on 
it {Jeffrey, 1974; Gieskes et al., 1978; Hallegraeff, 1981; 
Hawkins et al., 1986). Analysis by HPLC of the pigments 
present in the water column during cyclical upwelling and 
downwelling events can provide insight into the nature of 
changes occurring in the phytoplankton population. 
The following work was carried out with three objectives: 
1. To compare HPLC and spectrophotometric estimates of 
chlorophyll g concentrations in order to assess whether 
previous values for chloropyll g concentrations in the kelp 
bed area are likely to have overestimated the importance of 
phytoplankton as a food source. 
2. To examine changes in the water column pigment matrix with 
season and environmental variables in order to determine 
qualitative changes in the phytoplankton food source. 
3. To establish chlorophyll:carbon ratios for the near-shore 
region in order to assess the relative importance of living 
phytoplankton and detrital material as food sources for 
filter feeders in the area. 
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MATERIALS AND METHODS 
Sampling procedure: Chlorophyll a 
Water samples were collected daily at 0800 h from the shore 
at Oudekraal, on the west coast of the Cape Peninsula, for 
52 days in November/December 1984, which is the principal 
summer upwelling season (Andrews and Hutchings, 1980), and 
for 31 days in June/July 1985 (winter). The sampling 
procedure is described in Chapter I. For chlorophyll 
analyses, between 100 ml and 900 ml, depending on particulate 
load, was filtered by gentle hand pump filtration, in subdued 
light, first through a 200 µm mesh and then through Whatman 
GF /F filters. Four samples were taken daily, two being for 
analysis by HPLC and two for analysis·by spectrophotometry. 
Owing to constraints imposed by expense and lack of machine 
time, one sample was analysed for algal pigments by HPLC and 
the same sample, as well as two others, were analysed for 
chlorophyll g and phaeopigments by spectrophotometry. No 
magnesium carbonate wash was added to filters because it can 
bind chlorophyllides and phaeophytins (Daley et al., 1973). 
After filtration, filter papers were folded, wrapped in 
aluminium foil and stored in liquip nitrogen until analysed. 
Extraction of pigments 
Solvents for extraction and chromatography were all of Analar 
grade. Pigments were extracted using 90% acetone. Although 
Holm-Hansen (1978) suggests that methanol has a better 
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extraction efficiency for HPLC and spectrophotometric 
determinations of chlorophyll pigments, Mantoura and 
Llewellyn (1983) showed that methanol can enhance 
chlorophyllase activity, which rapidly converts chlorophyll s 
to chlorophyllide. Filters were ground in 2,5 ml 90% acetone 
for one minute with a motorized tissue grinder. The slurry 
was transferred to a centrifuge tube and centrifuged at 
12000 x g for 60 secs. Chlorophyll s is converted to 
chlorophyllide s very rapidly, especially when samples 
contain a large proportion of diatoms (Monteiro et al., 
1986), so samples were extracted and analysed in the shortest 
possible time (approximately 12 minutes). 
HPLC analysis 
Exactly 300 µl of the acetone extract was removed with a 
Hamilton syringe and mixed with 100 µl of an ion-pairing 
reagent prepared from 1,5 g tetrabutyl-ammonium acetate and 
7, 7 g of ammonium acetate made up to 100 ml with water 
(Mantoura and Llewellyn, 1983). The chromatographic 
separations were carried out using a Beckman HPLC system 
comprising two model 112 pumps and a 340 organiser, coupled 
to a Drew Scientific Chromatography Interface linked to an 
Apple IIC terminal for both gradient control and peak 
integration. A Beckman model 165 variable wavelength detector 
was used with a wavelength setting of 440 nm. A 100 µl 
injection loop was used and separations were carried out 
using a 7 cm Altex XL ODS reverse phase column with 3 µm 
packing. This column allowed the shortening of analysis time 
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from 18 to 8, 5 minutes without loss of resolution, thus 
making the method suitable for large numbers of samples 
(Monteiro et al., 1986). The composition of the two mobile 
phase sol vents was as described by Mantoura and Llewellyn 
(1983), but the gradient profile was changed to suit the 
shorter column. Figure 3 shows the gradient profile used. 
Peaks were identified by comparison with standards processed 
by Pedro Monteiro, and calibration for the quantification of 
chlorophyll g_ and chlorophyllide g_ was carried out using a 
chlorophyll g_ standard (Sigma Chemical Company, Product code: 
C-6144) made up to known volume in 90% acetone and stored at 
-20°c in the dark (Mantoura ·and Llewellyn, 1983). The 
corresponding concentrations of breakdown products, 
xanthophylls and carotenoids were determined using the ratios 
of the molar extinction coefficients of chlorophyll g_ and the 
known component of T = 440 nm (Monteiro et al., 1986; 
Monteiro, pers. comm.). Chlorophyll Q, chlorophyll£, lutein 
and phaephorbide g_ were not quantitatively analysed but 
simply described as present or absent in the chromatograms. 
Spectrophotometric analysis 
Exactly 1,6 ml of each extract analysed by HPLC was 
transferred to a 1 cm cuvette and read at 750, 665, 664, 647 
and 630 nm in a Beckman model 25 spectrophotometer. 
Thereafter, 25 µl of 0,2 M HCl was added to achieve a final 
concentration of 3 x 10-3 M HCl, so reducing spectral changes 
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Figure 3. Solvent gradient used in HPLC analysis 
of pigments of the kelp bed particulate 
fraction. 
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The cuvette was inverted twice and allowed to stand for one 
minute before readings were taken at 750 and 665 nm. Two 
other samples from each days sampling were processed in a 
similar manner. 
Calculation of pigment concentrations 
Chlorophyll g and phaeophytin g concentrations of the samples 
analysed by HPLC were compared with concentrations calculated 
spectrophotometrically using the Jeffrey and Humphrey (1975) 
trichromatic equations (chlorophyll g only) and the Lorenzen 
(1967) equations for chlorophyll g and phaeopigments, using a 
paired t-test (Statpro, Wadsworths). The mean chlorophyll g 
concentrations of the three daily samples analysed 
spectrophotometrically and calculated by the Jeffrey and 
Humphrey (1975) and Lorenzen (1967) methods were also 
compared with chlorophyll g values calculated from HPLC 
analyses (paired t-test, Statpro). 
Qualitative pigment standards by HPLC 
In order to identify the origin of some of the pigments 
present in particulate matter from the water column, extracts 
from a number of common algal and phytoplankton types were 
analysed by HPLC. These were not quantitatively assessed, but 
used only to identify the major pigments associated with each 
algal group. The macrophytes were freshly collected on the 
day of analysis and the phytoplankton species obtained from 
cultures used for feeding experiments. Discs of macrophyte 
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fronds were punched out and homogenized in 90% acetone, while 
phytoplankton were filtered through GF/F filters. All 
extracts were then treated as described above and the peaks 
were identified from standards processed by Pedro Monteiro. 
Algae treated in this manner are shown in Table 6. 
RESULTS AND DISCUSSION 
Chromatograms of common algae 
Figures 4 and 5 show chromatograms of various algal types, 
many of which occur in the kelp bed system. Pigments were 
completely separated by the HPLC system used. The kelp bed 
macrophytes Ecklonia maxima and Laminaria pallida and the 
diatoms Chaetoceros gracilis and Phaeodactylum tricornutum 
showed similar pigment profiles. Major pigments were 
chlorophyll Q, fucoxanthin and chlorophyll g, and minor 
pigments were diatoxanthin and diadionaxanthin (Figure 4). 
Tayloriella virgata is a common kelp epiphyte while Gigartina 




present were fucoxanthin, 
However, the samples were 




chromatograms show the presence 
diatoxanthin and diadionaxanthin, and 
of chlorophyll Q, 
chlorophyll Q was 
present in the T. virgata chromatogram (Figure 5) .· 
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TABLE 6 
Algae used for qualitative pigment analysis by HPLC in order 
to identify the origin of some of the pigments present in 
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chromatograms of different algal types 
bed . Peak identities are: 
chlorophyllide g 2 chlorophyll ~ 
neoxanthin 5 violxanthin 
diadionaxanthin 8 lutein 
chlorophyll g 
that may occur in the 
3 fucoxanthin 
6 diatoxanthin 
9 chlorophyll Q 
51 
10 8 10 9 8 
4 






8 6 4 2 0 8 6 4 2 0 
















-TIME (min) -TIME (min) 
Figure 5. 
HPLC chromatograms of different algal types 
kelp bed . Peak identities are: 
1 chlorophyllide ~ 2 chlorophyll £ 
4 neoxanthin 5 violxanthin 
7 diadionaxanthin 8 lutein 
10 chlorophyll ~ 
that may occur in the 
3 f ucoxanthin 
6 diatoxanthin 
9 chlorophyll .Q 
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The green algae Ul va lactuca and Tetraselmis suecica had . 
major chlorophyll Q peaks, as well as chlorophyll g and 
lutein. Violxanthin and neoxanthin were present as minor 
peaks in both samples (Figure 5). T. suecica used for HPLC 
analysis had been cultured for feeding experiments and 
microscopic examination revealed slight contamination of the 
culture by P. tricornutum, which explains the small 
chlorophyll Q and fucoxanthin peaks in the chromatogram. 
These chromatograms show that in the kelp bed area the 
diatoms and canopy macrophytes are likely to be the source of 
much of the chlorophyll Q and fucoxanthin pigments present in 
the particulate material of the water column (Figure 4). The 
presence of lutein in samples indicates that the understorey 
macrophytes (see Figure 5) may also contribute to the 
particulate fraction, since lutein is not present in 
E. maxima and L. pallida (Figure 4) . Any chlorophyll Q in 
particulate material will result from the presence of green 
algae. 
Examples of HPLC analysis of water column pigments from the 
kelp bed area, together with peak identities are shown in 
Figure 6. 
Comparison of HPLC and spectrophotometric methods 
All three methods of estimating chlorophyll concentrations 
generally indicated the same trends, major increases and 
decreases in. chlorophyll g co-inciding closely during both 
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Figure 6. 
Separation of pigments present in the kelp bed water column 
on two separate days, using a 7 cm Al tex reverse phase 
column. 
Peak identities are: 
1 Chlorophyll ~ 
4 Chlorophyll 12 
2 Fucoxanthin 3 Lutein 
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Figure 9. Summer kelp bed chlorophyll g_ concentrations (ug .1-1 ) 
determined by HPLC (......--) and the mean of three 
samples determined spectrophotometrically by the 
equations of Jeffrey and Humphrey (1975) (o-----o) and 
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Winter kelp bed chlorophyll g_ concentrations (ug .1-1 ) 
determined by HPLC (.,___....) and the mean of three 
samples determined spectrop~otometrically by the 
equations of Jeffrey and Humphrey ( 197 5) (o----o) and 
Lorenzen ( 1967) (.o. ......... -e.) • 
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winter chlorophyll g_ concentrations estimated by the three 
methods are shown in Table 7. There were no significant 
differences between pairs of summer and winter values 
{t-test, p > 0,01). 
Daily chlorophyll g_ concentrations calculated from the same 
sample analysed by HPLC, Jeffrey and Humphrey {1975) and the 
Lorenzen {1967) methods are shown in Figures 7 and 8. HPLC 
estimations of chlorophyll g_ concentrations are compared with 
chlorophyll g_ concentrations estimated from the mean of three 
daily samples analysed spectrophotometrically by the Jeffrey 
and Humphrey {1975) and Lorenzen (1967) methods in Figures 9 
and 10. Chlorophyll g_ concentrations calculated using the 
Jeffrey and Humphrey {1975) trichromatic equations were 
generally higher than HPLC estimations, and the two methods 
provided significantly different estimates, both for the 
single sample series shown in Figures 7 and 8 and the sample 
mean series shown in Figures 9 and 10 (paired t-test, 
p < o, 001) . No significant difference between the Lorenzen 
{1967) and HPLC estimates of chlorophyll g_ concentrations was 
found {paired t-test, p > O,OS). The correlation between HPLC 
and Jeffrey and Humphrey (1975) trichromatic values for 
chlorophyll g_ extracted in 90% acetone is shown in Figure 11. 
Estimates of chlorophyll g_ by the Jeffrey and Humphrey (1975) 
method were higher than those measured by HPLC 
{y = 0,51 + 1,12x) and the correlation coefficient was 0,83. 
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TABLE 7 
Mean chlorophyll a concentrations ( + S. D. ) in the kelp bed 




Jeffrey and Humphrey (1975) 
Lorenzen (1967) 
Jeffrey and Humphrey (1975) 
Mean of 3 samples 
Lorenzen (1967) 





1,64 (~ 1,06) 
2,37 (~ 2,82) 
1,63 (~ 1,92) 
2,39 (~ 2,39) 
1, 46 ( ~ 1, 24) 
Winter 
chlorophyll a ) 
-1 
}lg.l 
1,78 (~ 1,90) 
2,31 (+ 2,05) 
1, 4 7 ( ~ 1, 61) 
2,67 (+ 1,75) 
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Figure 11. The relationship between chlorophyll g_ 
concentrations determined 
spectrophotOmetrically by 
equations of Jeffrey and 
Regression equation: y = 0,51 
n = 83. The line y = x is also 
by HPLC and 
the trichromatic 
Humphrey (1975). 
+ 1,12x ; r = 0,83, 
shown. 
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It has been shown previously that spectrophotometric methods 
of estimating chlorophyll fl in highly productive lakes and 
the estuarine benthos overestimate chlorophyll fl 
concentrations by factors of between 2 and 12,6 when compared 
with HPLC estimates (Jacobsen, 1978,1982; Mantoura and 
Llewyllyn, 1983). However there was fairly good correlation 
between spectrophotometric and HPLC results when samples were 
taken from the open sea {Mantoura and Llewellyn, 1983). In 
the nearshore environment at Oudekraal, chlorophyll fl 
concentrations determined by the method of Jeffrey and 
Humphrey (1975) ranged between 0,2 and 9,8 times the 
corresponding concentrations determined by HPLC (Figures 7 
and 8), with 65% of the values being between one and three 
times the HPLC values. 
The discrepancy between trichromatic and HPLC estimations of 
chlorophyll fl will be greatest when there is a build up of 
pigment breakdown products such as chlorophyllides and 
phaeophorbides. Chlorophyllase activity is particularly 
vigorous in diatoms (Barret and Jeffrey, 1964). The reduced 
presence of fucoxanthin and chlorophyll ~ in the summer 
phytoplankton population (see pp. 77 and 79) indicated that 
diatoms were not well represented in the phytoplankton 
blooms. Their absence together with the associated 
chlorophyllase activity, would contribute to reducing the 
discrepancy between the two methods. In contrast, Mantoura 
and Llewellyn (1983) analysed sediment samples, in which 
diatoms are generally the dominant photoautotrophs, and thus 
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chlorophyllase activity would be enhanced. Moreover, because 
of the wind regime, there is considerable movement of water 
into and out of the kelp bed system . (Field et al., 1980) . 
Thus, although phytoplankton blooms occurred at regular 
intervals (Figures 7 and 8), the phytoplankton together with 
their associated chlorophyll precursors and degradation 
products may remain in the system for only a brief time, thus 
reducing any build-up of degradation products. 
Comparisons of previous estimates of kelp bed chlorophyll a 
with HPLC estimates 
The chlorophyll 51 concentrations and fluctuations recorded 
using HPLC are similar to the summer values recorded by Field 
. 
et al. (1980) in the kelp bed area, using the Scor-Unesco 
( 1966) trichromatic equations. The chlorophyll 51 values of 
Field et al. (1980) vary from hardly detectable to peak 
-1 values of 10 µg Chl 51.l • However some other chlorophyll 51 
values for the kelp bed area are considerably higher than 
those recorded by HPLC, and these are shown in Table 8. 
Chlorophyll 51 concentrations such as those shown in Table 8 
were never measured by HPLC in the present study (Figures 7 
and 8). Neither the Scor-Unesco method used by Brown (1984) 
and Brown and Field (1986), nor the chlorophyll calibration 
curve used by Barlow (1982), corrects for degradation 
products. In the phytoplankton blooms in mature and aged 
upwelled water, considerable amounts of degradation products 
such as chlorophyllide, phaeophorbide and phaeophytin are 
probably present, which will result in an overestimation of 
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TABLE 8 
Previous estimates of chlorophyll £ concentrations under 
different conditions in the kelp bed area at Oudekraal. 
Chlorophyl~ 1£ Conditions Method Source ccn. µg.l 
0-24 Upwelling/ SCOR-UNESCO Brown, 1984 
downwelling (1966) 
11-18 Downwelling· SCOR-UNESCO Brown and 
(1966) Field (1986) 
0-20 Mature Chlorophyll Barlow, 
upwelled calibration (1982) 
water curve 
5-30 Aged Chlorophyll Barlow, 
upwelled calibration (1982) 
water curve 
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chlorophyll s concentrations (Jacobsen 1978, Jacobsen 1982; 
Mantoura and Llewellyn, 1983; Monteiro et al., 1986). Shumann 
and Lorenzen (1975) showed that grazing by herbivores results 
in degradation products, and actively growing populations of 
photoautotrophs contain chlorophyllides and other chlorophyll 
precursors. Whitney and Darley (1979) found that pigment 
extracts of log phase growth cultures of diatoms contain 
about 10% chlorophyllide and phaeophorbide, while Jeffrey 
( 197 4) has shown the presence of significant quantities of 
chlorophyllides and phaeophorbides in phytoplankton blooms 
off Australia. Thus it appears that previous studies (Barlow, 
1982; Brown, 1984; Brown and Field, 1986) have somewhat 
overestimated chlorophyll concentrations and hence 
phytoplankton biomass in the water column at Oudekraal. 
Chlorophyll a, Nitrates and the Environment 
Environmental conditions prevailing during the time series, 
together with chlorophyll s concentrations determined by 
HPLC, and nitrate concentrations taken from Muir (1986) are 
shown in Figures 12 and 13. The relationship between the wind 
regime and temperature has been described in Chapter I. In 
summer pulses of strong southeasterly winds caused upwelling 
of cold, nitrate rich water into the kelp bed system (Figure 
12 A, B and D) . Southeasterly winds cause an off shore 
movement of surface waters (Andrews and Hutchings, 1980; 
Field et al. 1980), and during upwelling the chlorophyll s 
concentration in the inshore waters was low -1 (± 1 µg.l ). 
However, when southeasterly winds relaxed or changed to 
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Figure 12. Variations in physical factors, nitrate and 
chlorophyll ~ concentrations in the kelp bed at 
Oudekraal during summer. Nitrate concentrations 
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Figure 13. Variations in physical factors, nitrate and 
chlorophyll .9:. concentrations in the kelp bed at 
Oudekraal during winter. Nitrate concentrations 
are from Muir {1986). 
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northwesterly, phytoplankton growth in waters with a high 
and chlorophyll g nitrate content was very rapid 
concentrations increased quickly (Figure 12 A,D and E). This 
process has been dem~nstrated before (Andrews and Hutchings 
1980; Field et al., 1980; Brown, 1981; Carter, 1982; Brown, 
1984; Brown and Field, 1986). 
In winter the wind generally blew from the northwest and sea 
temperatures remained is 
evident from Figure 
stable (Figure 13 A and B) . It 
13 D and E that the pattern of 
fluctuations in winter chlorophyll g and nitrate 
concentrations in the water was similar to that occurring in 
summer {Figure 12 D and E), and nitrate and chlorophyll g 
maxima and minima were closely associated. However, in winter 
nitrate concentrations did not reach the same levels as in 
summer. Chlorophyll g levels were generally low (± 1 µg.1- 1 ) 
during northwesterly gales and when the northwesterly winds 
relaxed, rapid increases in both nitrates and chlorophyll g 
occurred (Figure 13 A,D and E). 
Wulff and Field ( 1983) modelled the kelp bed system and 
predicted that under continuous downwelling, phytoplankton 
forms 93% of the particulate matter in the kelp bed. When 
strong onshore northwesterly winds blow, down-welling is 
continuous. 
chlorophyll g 
(± 1 µg.1-1 ) 
However, Figure 
concentrations in 
during these periods, 






while particulate carbon 
levels were fairly constant (Chapter I) . It is therefore 
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unlikely that phytoplankton forms as much as 93% of the 
particulate 
particulates 
load during these periods, and macroalgal 
resuspended detritus probably form the major 
carbon source. 
It is well known that increases in nitrates are the result of 
upwelling in summer, but the processes resulting in increases 
in winter nitrate levels are not as well understood. 
Generally winter periods of increased nitrate concentration 
and consequent chlorophyll g increases were closely 
associated with a change in wind to a southerly direction 
(Figure 13 A, D and E). However the change· in wind direction 
often only lasted for a day and wind speeds were very much 
lower than those of the summer southeasterly winds 
(Figure 13 A). Also, except for days 7-9, very little change 
in sea temperature resulted from the brief periods of 
southerly wind (Figure 13 B) . Thus it is unlikely that 
increased nitrate concentrations in winter are the result of 
upwelling. Furthermore, winter storms prevent the the build-
up of strong gradients in nutrients (Brown, 1984) and the 
South Atlantic Central water mass, from which water upwells 
in summer, moves down the continental shelf in winter (Bang, 
1973) , thus reducing the likelihood of upwelling. Winter 
nitrate and chlorophyll g maxima were often associated with 
periods of large swell size (Figure 13 c, D and E). These 
waves resuspend bottom sediments and this may release 
nutrients to the water column, resulting in rapid 
phytoplankton growth. However, a stepwise multiple 
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correlation analysis of the effects of wind, temperature and 
swell on chlorophyll B. concentrations showed only that in 
summer 17% of the variability in chlorophyll s. concentrations 
was explained by swell size, and in winter none of. these 
variables was significantly correlated with chlorophyll s. 
concentrations at the 95% confidence level. Thus the 
phytoplankton food supply is not affected by variations in 
the physical environment in the same way as the particulate 
carbon resource. Particulate carbon in the water column is 
significantly correlated with wind and temperature in summer 
and wind and swell in winter (Chapter I). Further insight 
into the nature of the phytoplankton particulate component 
can be gained from examining other pigments in the 
particulate material. 
Other pigments in particulate material 
a) Phaeopigments and Phaeophytin 
The Lorenzen (1967) method of chlorophyll analysis allows an 
estimate to be made of "phaeopigments" in the water column. 
Thes,e phaeopigments consist of phaeophorbides and 
phaeophytins and can be quantified by HPLC. Figures 14 B and 
15 B show daily summer and winter phaeopigment estimates by 
the Lorenzen (1967) method, and phaeophytin s. estimates made 
by HPLC from the same samples. Phaeophorbide s. occurred in 
15% of summer and 21% of winter samples (Table 9) and peak 
areas were very small and are thus not included in HPLC 
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Figure 14. HPLC estimates of different algal pigment 
concentrations in the kelp bed water column during 
summer. Phaeopigment concentrations determined by the 
method of Lorenzen (1967) are shown (o----o) as well as 
the viability ratio [Chl _gJ 
[Chl £] + [Chlorophyllide £] 
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Figure 15. HPLC estimates of different algal pigment 
concentrations in the kelp bed water column during 
winter. Phaeopigment concentrations determined by the 
method of Lorenzen (1967) are shown (o----o) as well as 
the viability ratio [Chl ~ 
[Chl _gJ + i_Chlorophyllide 5!] 
where [ ] represents the molar concentration. 
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TABLE 9 
Percentage occurrence of various minor pigments in 
particulate material filtered from the kelp bed water column 
in summer and winter. 
Pigment Summer Winter 
Chlorophyll !2 40% 29% 
Chlorophyll .Q 33% 93% 
Lute in 20% 39% 
Phaeophorbide .£ 15% 21% 
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determined by the two methods are shown in Table 10. There 
was a significant difference between phaeopigment 
concentrations determined by the Lorenzen (1967) method and 
phaeophytin g concentrations determined by HPLC 
(paired t-test, p < 0,001). The Lorenzen {1967) method 
indicated persistent phaeopigments in the water column, both 
in summer and winter, reaching concentrations of 7,04 µg.1- 1 . 
Analysis by HPLC indicated that there were considerable 
periods when no phaeophytins were present and on only two 
occasions did concentrations exceed 2 µg .1-l (Figures 14 B 
and 15 B). The difference in concentrations of degradation 
products estimated by the two methods may in part be 
accounted for by carotenoid interference (mainly fucoxanthin) 
which may result in an overestimation of the Lorenzen (1967) 
values (Riemann 1982) . Fucoxanthin occurred in many of the 
samples, particularly in winter (Figures 14 E and 15 E). 
Increases in phaeopigment concentrations determined by the 
Lorenzen {1967) method generally coincided with increases in 
chlorophyll g concentrations, (Figures 14 A and B, 15 A 
and B) but there was no significant correlation between 
chlorophyll g and phaeopigment concentrations (p > 0,05, 
r = 0,26, n = 52 in summer and r = 0,09, n = 31 in winter). 
The appearance of phaeophytin g determined by HPLC was also 
often accompanied or immediately preceeded by high or rapidly 
increasing chlorophyll g concentrations (Figure 14 A and B, 
15 A and B) • HPLC chlorophyll g and phaeophytin 
concentrations were significantly correlated in winter 
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TABLE 10 
Auxiliary pigment concentrations (~ SD) in the kelp bed water 
column during summer and winter 
Pigment Summer Winter 
concentration concentration 
-1 -1 µg.l µg.l 
Phaeophytin ~ 0,21 (~ 0,49) 0,27 (~ 0,74) 
Lorenzen phaeopigments 1,44 (~ 1,37) 1,67 (~ 1,75) 
Chlorophyllide a: - 0,39 (~ 0,49) 0,47 (~ 0,93) 
Fucoxanthin 0,25 (~ 0,49) 1,34 (~ 1,16) 
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(p < 0,05, r = 0,39, n = 31) but not in summer (p > 0,05, 
r = 0,16, n = 52). Chlorophylls is converted to phaeophytin 
s by the removal of the central magnesium ion through 
acidification and this is often the result of bacterial 
enzymatic digestion or zooplankton grazing (Gieskes et al., 
1978; Hallegraeff, 1981; Lehman, 1981; Bacon, 1984). The low 
phaeophytin s concentrations that prevail for extended 
periods in summer and winter (Figures 14 B and 15 B) indicate 
that most of the phytoplankton may be available for filter 
feeder consumption. 
b) Chlorophyllide s 
Figures 14 C and 15 C show the presence of this pigment 
during the time series. Mean summer and winter concentrations 
are shown in Table 10. Mean summer and winter concentrations 
of chlorophyllide s were higher than those of phaeophytin s 
(Table 10) and chlorophyllide s occurred in 57% of summer 
samples and 43% of winter samples, while phaeophytin s 
occurred in 24% of summer and 21% of winter samples. Thus it 
appears that chlorophyllide s was 
chlorophyll breakdown product than 
a more prevalent 
phaeophytin s, and 
chlorophyllide s was often present in the water column when 
phaeophytin s was absent (Figures 14 B and c, 15 B and C) . 
Since chlorophyll s and chlorophyllide s have identical 
absorption spectra and are thus indistinguishable 
spectrophotometrically, this has important implications when 
algal biomass is assessed by this method. Generally the 
appearance of chlorophy!lide s in the water column was not 
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closely related to chlorophyll s concentrations, although 
chlorophyllide s might be expected to appear in senescent 
phytoplankton populations (Jensen and Sakshaug, 1973; 
Jeffrey, 1974; Hallegraeff, 1981; Monteiro et al., 1986). In 
summer, increases in chlorophyllide s concentrations often 
occurred with or shortly after peaks in chlorophyll s 
concentrations (Figure 14 A and C), and chlorophyllide sand 
chlorophyll s were significantly correlated (p < o, 01, 
r = O, 37, n = 52). Winter peaks in chlorophyll s 
concentrations were sometimes associated with increases in 
chlorophyllide s concentrations, but there was no significant 
correlation (p > 0,05 r = 0,19 n = 31; Figure 15 A and C). 
Monteiro et al., (1986) recommend the calculation of a 
viability ratio for algal populations, whereby the ratio of 
chlorophyll s to total chlorophyll like pigments is 
estimated, in order to assess the physiological status of the 
phytoplankton assemblage. A viability ratio 
(chlorophyll s] 
(chlorophyll s] + (chlorophyllide s] 
was calculated where (chlorophyll s] and (chlorophyllide s] 
represent the molar pigment concentrations during the 
sampling period. This is shown in Figures 14 D and 15 D. 
Ratios close to 1,0 indicate algal populations in an actively 
growing phase, while low ratios indicate senescence 
Generally, summer and winter viability ratios were high, 
indicating actively growing phytoplankton. Lowered viability 
ratios occurred approximately one to three days after peak 
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chlorophyll s concentrations, showing senescence of the bloom 
caused by decreased nitrate concentrations. Summer nitrate 
concentrations reached 20-30 µg at No3-N.l-l during upwelling 
but declined very rapidly within two or three days (Figure 
12 D), and nitrate rather than phosphate or silicate was the 
limiting nutrient in the kelp bed during this time (Probyn, 
unpublished data). 
c) Fucoxanthin 
Daily fucoxanthin concentrations in the water column during 
summer and winter are shown in Figures 14 E and 15 E and 
mean summer and winter concentrations are shown in Table 10. 
Fucoxanthin occurred in 91% of winter samples and 30% of 
summer samples. Winter concentrations reached -1 5,35 ,µg.l 
while the highest concentration recorded in summer was 
2, 04 µg .1 -l. Fucoxanthin is a pigment- characteristic of the 
Bacillariophyta and Phaeophyta (Morris 1971; Parsons et al., 
1984). Thus in winter, much of the particulate component in 
the water column was probably of diatom and kelp origin. 
However, since winter C:N ratios are 9,90 and approach those 
for kelp in winter (11,70, Dieckmann, 1978; see Chapter I), 
much of this material was probably of kelp origin. In summer, 
fucoxanthin was less frequently represented in the 
particulate component. Particulate matter originating from 
the macrophytes was probably less in summer because the 
reduced wave action (Figure 12 C) resulted in less frond 
erosion and fragmentation. However the differences in both 
the occurrence and concentrations of fucoxanthin in summer 
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·and winter suggests that summer phytoplankton populations 
were frequently not dominated by diatoms. Figure 15 A and E 
also shows that in winter fucoxanthin maxima occurred at the 
same time as chlorophyll g maxima, and fucoxanthin and 
chlorophyll g were 
r = 0,76, n = 31). 
significantly 
In summer the 
correlated (p < 0,001, 
two pigments were not 
significantly correlated (p > 0,05, r = 0,19, n = 52), and 
except for the last nine days of the sampling period, 
fucoxanthin maxima occurred at different times to chlorophyll 
maxima (Figure 14 A and E). This implies that in summer, even 
during phytoplankton blooms resulting from upwelling, diatoms 
were not dominant in the kelp bed phytoplankton. Diatoms have 
generally been considered the dominant phytoplankton forms in 
the west coast kelp bed and inshore areas (Andrews and 
Hutchings, 1980; Field et al., 1980; Barlow, 1982; Olivieri 
1983; Probyn, 1985; Brown and Field, 1986), although Probyn 
(1985) recorded very high numbers of nanoflagellates in the 
west coast inshore area. It is possible that often these 
organisms are not preserved intact for counting purposes 
(Brown and Field, 1986). Chlorophyll Q, characteristic of the 
Chlorophyta, Prasinophyta and ;Euglenophyta (Raymont, 1980; 
Parsons et al., 1984), occurred more commonly in summer 
samples (40%) than in winter samples (29% Table 9). 
Flagellate forms from these three algal groups may have 
comprised a considerable proportion of summer phytoplankton 
populations, since the reduced wave action in summer (Figure 
12 C) would not have favoured fragmentation of the 
understorey green macrophytes. 
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d) Minor pigments 
The presence of minor pigments in the water column in summer 
and winter is shown in Table 9. Chlorophyll ,g,, a 
characteristic pigment of the Bacillariophyta and Phaeophyta, 
occurred in 93% of winter samples and 33% of summer samples. 
Together with· the data on fucoxanthin concentrations, the 
presence of chlorophyll £ provides strong evidence that the 
winter particulate resource was comprised mainly of diatoms 
and brown algal particles, and was qualitatively different 
from the summer particulate resource. Lutein occurs in the 
Chlorophyta, Phaeophyta and Rhodophyta but was not a major 
pigment in the particulate fraction. Phaeophorbide .s was 
present in 15-21% of samples. Since this chlorophyll 
breakdown product is probably a primary indicator of feeding 
and digestive processes of bivalves and copepods (Jeffrey, 
1974; Hallegraeff, 1981; Lehman, 1981; Mantoura and 
Llewellyn, 1983; Hawkins et al., 1986), and mussels comprise 
a large component of the fauna in the kelp bed system (Newell 
et al., 1982), much of the diet of these filter feeders may 
consist of particulates which do not contain chlorophyll .s 




Chlorophyll a ratios and Bacterial relationships 
carbon chlorophyll .s ratios have 
determine the standing stock of 
sometimes been 
phytoplankton 
(Lorenzen, 1968; Andrews and Hutchings, 1980). Andrews and 
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Hutchings (1980) propose carbon : chlorophyll g ratios of 70 
in summer and 140 in winter for the Cape west coast. Banse 
(1977) strongly cautions against the use of such ratios, on 
the grounds that there are often appreciable amounts of non-
algal organic carbon in the particulates filtered from the 
water. Organic carbon : chlorophyll g (HPLC) ratios in the 
kelp bed fluctuated greatly, reaching values of 4422. Mean 
values were 344 (± 533) in summer, and 742 (± 1020) in 
winter. These values are very much higher than those proposed 
by Andrews and Hutchings (1980), and because of their great 
variablity, they are not a reliable indication of the amount 
of particulate food present in the system. The correlation 
between organic carbon and nitrogen, and chlorophyll g can 
however provide a useful indication of the type of 
particulate matter in the water. A high correlation 
coefficient indicates that much of the carbon and nitrogen 
present derives from actively growing phytoplankton, whereas 
a low correlation coefficient indicates a high proportion of 
detrital carbon and nitrogen. The relationship between 
chlorophyll g and organic carbon and nitrogen in the water is 
shown in Figures 16 A and B, 17 A and B. It is evident that 
much of the carbon and nitrogen available throughout the year 
was of a detrital nature, since the correlations were poor. 
The relationship between chlorophyll and bacteria is not 
often examined when assessing particulate food sources for 
filter feeders. Bacteria are a possible food source for 






.... 'P" -, z -: 






















60 • • • • • 
4ol_.!·~·~·~~._~,,.:_..;.·:_;:~.~----~.~·'..-~--------~ 
• • • . .. ... 
• • • • 





























Figure 16. The relationship between summer organic carbon and 
nitrogen concentrations and chlorophyll ~ 
concentrations in the kelp bed. Correlation 
coefficient for carbon = 0,27 (n=52) and for 
nitrogen= 0,19 (n=52). 
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concentrations in the kelp bed. Correlation 
coefficient for carbon = o, 08 (n=31) and for 
nitrogen= 0,16 (n=30). 
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and Klumpp, 1984; Seiderer and Newell, 1985; Muir et al., 
1986), although the bacterial contribution in terms of the 
total carbon resource is probably very small. The mean 
organic content of the water column was 380 µgc.1-l and 
43 µgN .1-l (Chapter I). The mean bacterial biomass during 
the whole sampling period was 34 µg .1-l (Muir, 1986). 
Assuming a carbon equivalent of 10% and a bacterial C:N ratio 
of 4 (Lucas et el., 1987), this amounts to 3,40 µgc.1-l and 
0,85 µgN.1- 1 , which is less than 1% of the particulate carbon 
resource and approximately 2% of the particulate nitrogen 
resource. Since bacteria are filtered by mussels with an 
efficiency of approximately 20% (Stuart and Klumpp, , 1984; 
Lucas et al . , 19 8 7) , freel iv ing bacteria represent a very 
small fraction of the food resource available to the mussel 
population. However bacteria will also colonize detrital 
particles thus improving their nitrogen content (Newell 
et al., 1980a; Newell, 1981; Newell and Lucas, 1981; Newell 
et al., 1981; Stuart et al., 1981). and bacterial aggregates 
will be more easily retained by mussels. Figures 18 and 19 
show bacterial biomass and HPLC chlorophyll s concentrations 
in the water column in summer and winter. Bacterial biomass 
is from Muir (1986). Increases in the biomass of bacteria 
closely followed the development of phytoplankton blooms. 
Phytoplankton release between 4% and 30% of fixed carbon as 
dissolved exudates (Jensen, 1983) which are utilized by the 
microheterotrophic community, and thus may be the principal 
determinant of bacterial activity in the system (Muir, 1986). 
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Figure 18. Summer bacterial biomass (wet) 
concentrations in the kelp bed. 
is from Muir (1986). 
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Figure 19. Winter bacterial biomass (wet) 
concentrations in the kelp bed. 
is from Muir (1986). 
35 
and chlorophyll £ 
Bacterial biomass 
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direct bearing on the growth of bacterial populations, whose 
chief importance is probably the colonization of a largely 
detrital particulate resource. 
CONCLUSIONS 
These results have shown that there was a significant 
difference in chlorophyll A concentrations determined by HPLC 
and spectrophotometric determinations, and previous work in 
the kelp bed area has often overestimated chlorophyll A 
concentrations. However, these differences were not 
excessive because the dynamic nature of the kelp bed system 
ensures regular nutrient replacement for an actively growing 
phytoplankton population, and allows little time for 
chlorophyll degradation products to accumulate. Changes in 
chlorophyll A concentrations were closely linked to changes 







resulting from wind driven 
rich waters in summer, but 
are not correlated with 
the same way as particulate 
organic carbon concentrations. Seasonally, the mean values 
and patterns of fluctuations of chlorophyll A concentrations 
were very similar. 
Low phaeophytin A concentrations indicated that much of the 
phytoplankton in the kelp bed system is available as food for 
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filter feders, but the lack of phaeophorbide in most samples 
suggests that these animals are feeding mainly on detrital 
particles. High concentrations of fucoxanthin, and the 
presence of chlorophyll £, indicated that winter particulate 
loads were dominated by diatoms and kelp fragments while in 
summer a greater proportion of green algal groups were 
present. There may therefore be seasonal differences in the 
food value of the phytoplankton fraction because of the 
differing chemical composition and storage products of 
various algal groups, and the ease with which naked 
flagellates, for example, may be digested, compared with 
diatoms. However, high carbon : chlorophyll a ratios and 
poor correlations between organic carbon and nitrogen, and 
chlorophyll g, in both summer and winter, indicated that most 
of the particulate fraction available to filter feeders was 
comprised of detri tal material. Bacteria comprise a very 
small proportion of the particulate organic carbon and 
nitrogen resources in the kelp bed, but may be importatant in 
improving the nitrogen content of detrital material. Changes 
in bacterial numbers in the water column closely followed 
changes in chlorophyll g concentrations. 
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SECTION II 
TESTS ON MUSSEL STYLE AND DIGESTIVE GLAND ENZYME ACTIVITIES 
89 
Energy balance studies on kelp bed mussels based_ on their 
clearance rates, absorption efficiencies, respiration losses 
and the energy available as primary production have 
consistently shown that metabolic costs of the mussels can be 
comfortably met by the ingested ration (Chapter 1, and see 
also Stuart, 1982; Bayne et al., 1984; Stuart and Klumpp, 
1984; Seiderer and Newell, 1985) . A few studies have also 
attempted to relate bivalve energy expenditure with energy 
gained from the hydrolysis of ingested material by digestive 
enzymes (Seiderer et al., 1982; Lucas and Newell, 1984; 
Harris, unpublished data) . It is conspicuous however, that 
estimates of energy released from natural detrital material 
by style enzymes can account for no more than 30-40% of 
bivalve energy requirements (Lucas and Newell, 1984; Harris, 
unpublished data). An obvious failing is that digestive gland 
enzymes have not been considered. Furthermore, it has become 
clear that the methods used to assay the products of mussel 
enzyme hydrolysis are open to criticism on a quantitative 
basis (Farouki and Gunn, 1983; Rivers et al., 1984; Breuil 
and Saddler, 1985; Harris, unpublished data). 
In this section an attempt is made to critically evaluate the 
methods for assaying the products of enzyme hydrolysis, and 
the ability of mussel style and digestive gland enzymes to 
hydrolyse purified commercial substrates is tested. This 
approach removes the ambiguity of having substrate quality as 
an unknown variable, as would be the case if natural food 
resources were used in these tests. 
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CHAPTER III 
IMPLICATIONS FOR THE ASSESSMENT OF CRYSTALLINE STYLE 
ACTIVITY IN BIVALVES WHEN USING THE 
BERNFELD AND NELSON-SOMOGYI ASSAYS FOR REDUCING SUGARS. 
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INTRODUCTION 
It has been reported that the crystalline style of bivalves 
contains digestive enzymes and therefore plays a role in 
extracellular digestion (Yonge, 1923). Since Coupin (1900) 
demonstrated the presence of a-amylase in the style of 
Cardium sp., numerous studies have supported this evidence 
(Lavine, 1946; Kristensen, 1972a; Seiderer and Newell, 1979; 
Newell et al., 1980b). The presence of other carbohydrases 
such as laminarinase (Bull and Chesters, 1966; Sova et al., 
1970; Shallenberger et al. , 197 4) , alginate lyase (Jacober 
et al., 1980; Muramatsu and Egawa, 1980) and cellulase (Stone 
and Morton, 1958; Yokoe and Yasumasu, 1964; Horiuchi and 
Lane, 1965, 1966; Koopmans, 1970; Elyakova, 1972) have also 
been reported. Lysozymes have been isolated from the styles 
of. both Mytilus edulis (McHenery and Birkbeck, 1979, 1982) 
and Choromytilus meridionalis (Seiderer et al., 1984). 
The presence of carbohydrases suggests that bivalves are 
capable of utilizing structural carbohydrates, including 
those from detritus (Sei9.erer et al., 1982). Attempts· have 
been made to relate available food to the presence of 
carbohydrases, and conclusions indicate that cellulolytic 
activity corresponds to the level of cellulose in the diet 
(Crosby and Reid, 1971). In a study of the carbohydrases of 
some marine invertebrates, Kristensen (1972a) found that the 
highest incidence of carbohydrases occurs in detrital feeders 
and microherbivores. More recently quantitative estimates of 
'"' 
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the energy released from crystalline style activity have been 
compared with the energy requirements of a number of bivalves 
(Seiderer et al., 1982; Lucas and Newell, 1984). 
Sugars resulting from enzymatic hydrolysis of carbohydrates 
by crystalline style preparations have been detected by 
various methods. These include turbidometric determinations 











1981) and glucose test kits (Horiuchi and Lane, 1965; Jacober 
et al., 1980). Viscosimetric methods of estimating enzyme 
activity have often been used (Yokoe and Yasumasu, 1964; 
Horiuchi and Lane, 1965,1966; Okado et al., 1966; Muramatsu 
et al., 1977), but the most widely used methods are 
spectrophotometric (Galli and Giese, 1959; Horiuchi and Lane, 
1965,1966; Okado et al., 1966; Sova et al., 1970; Kristensen, 
1972a; Wojtowicz,1972; Alemany and Rosell-Perez, 1973; 
Lindley et al.,1976; Rosiou and Iacovache, 1980; Seiderer and 
Newell, 1979; Newell et al., 1980b; Trainer and Tillinghast, 
1982; Lucas and Newell, 1984). 
Glucose oxidase-peroxidase (Horiuchi and Lane, 1966; Crosby 
and Reid, 1971) and KI-KI03 (Alemany and Rosell-Perez, 1973) 
reagents have been used to develop a colour in response to 
low molecular weight carbohydrates resulting from the action 
of carbohydrases on complex carbohydrates. Two of the methods 
most widely used in molluscan style enzyme experiments are 
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the Nelson-Somogyi test for reducing sugars (Nelson, 1944; 
Somogyi, 1,952) and the Bernfeld test for reducing sugars 
(Bernfeld, 1955; from Sumner, 1921, 1924,. Sumner and Howell, 
1935). The former relies on the oxidation of the free 
aldehyde/ketone groups of the reducing sugar, by cu++ in 
alkaline solution, while the latter is based on the reduction 
of alkaline 3, 5 dinitrosalicylic acid (DNS). Both Nelson-
Somogyi and Bernfeld (DNS) procedures may be used to detect 
the presence of reducing sugars produced by the action of 
carbohydrases on a range of substrates eg. glycogen, starch, 
laminarin, cellulose. Therefore they ·are useful tools in 
examining and comparing enzymatic activities of homogenates 
of crystalline styles, stomachs and digestive glands. 
Recently a number of studies have attempted to,quantify the 
significance of style activity in terms of the energy 
requirements of the animal using the Nelson-Somogyi and 
Bernfeld methods. Seiderer et al., (1982) have shown that 
crystalline style enzymes of c. meridionalis and Perna perna 
can release between 4,80 and 9,63 mg glucose.mg-l style 
protein.h-l from commercial substrates and they suggest that 
the style enzyme may there.fore probably release sufficient 
carbon from natural detritus and phytoplankton to meet the 
requirements of the animals. Lucas and Newell (1984), using 
naturally occurring detritus, obtained specific activities of 
the carbohydrases of the style of Crassostrea virginica and 
Geukensia demissa and found that style enzyme activity may 
account for 33% to 48% of the carbon requirements of the 
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animals. Both of these studies used the Nelson-Somogyi and 
Bernfeld methods for estimating reducing sugar release by 
crystalline style enzymes. However, in a study of the 
quantitative significance of the crystalline style enzymes of 
Mactra glabrata, in which both the Bernfeld and Nelson-
Somogyi methods for estimating reducing sugars were employed, 
the Bernfeld method consistently indicated 4 to 6, 7 times 
more reducing sugars present than the Nelson-Somogyi method 
using commercial enzymes, and approximately 2, 5 times more 
using style enzymes. Use of these assay procedures can imply 
that as little as 6% of the animal's energy demand is met by 
style enzyme hydrolysis of naturally occurring substrates 
(Harris, unpublished data). Since carbon availability 
calculated from glucose release by style enzymes in previous 
studies may have been over or underestimated by a factor of 
about 2,5 depending on the assay procedure used, these assays 
need to be examined with reference to the effect they may 
have on inferences previously made about the ecophysiology of 
some bivalves. Several factors can affect the reliability of 
the DNS assay as an accurate analytical method for evaluating 
reducing sugars (Miller, 1959; Farouki and Gunn, 1983; Rivers 
et al., 1984; Breuil and Saddler, 1985), and quantitative 
differences between reducing sugars measured by the DNS and 
Nelson-Somogyi methods have been recently reported (Breuil 
and Saddler, 1985). In this chapter the discrepancy between 
the two methods is investigated to illustrate the 
significance this has on the interpretation of results for 
purposes of energy budget estimations. Previously calculated 
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energy budgets are recalculated in the light of the present 
data, ·to try and estimate the quantitative significance of 
style enzyme liberation of reducing sugars relative to the 
energetic demands of certain bivalves. 
MATERIALS AND METHODS 
General assay 
Assays for reducing sugars released by enzymatic action on a 
carbohydrate substrate were conducted according to Bernf eld 
(1955) and Nelson (1944) modified by Somogyi (1952), as 
detailed in Table 11. 
The results were corrected by subtracting both substrate and 
enzyme blanks and are expressed as mg glucose.mg enzyme-1 for 
commercial enzymes and as mg glucose.mg protein-1 for style 
enzymes. All values represent the mean of three estimates. 
Release of reducing sugars by enzymatic activity was tested 
over 21 minutes and found to be linear for at least 9 
minutes, so all experiments employed a 9 minute incubation 
period. 
Reducing sugar release was calculated from calibration 
equations established using glucose as a standard. The 
Bernfeld calibration curve established for glucose 
concentrations of 0,063 to 4,0 mg.ml-l was Y = 0,01 + 0,385X 
TABLE 11 
Outline of the procedures of two methods for estimating release of reducing sugars by 
enzymes. 
Method Nelson (19441 modified Bernf eld (1955) 
by Somogyi ( 952). 
Reagents Somof,i reagent 




for min. in 
0.5ml enzyme + 0.5ml 
substrate 
0.5 ml enzrse + 




l)To halt add 1 ml Somogyi add 0.5 ml DNS and 
reaction reagent and boil boil for 5 mins. 
for 10 mins. Cool. Cool. 
2)Colour add 2ml Nelson add 10 ml H 0 
development reagent and 6 ml H 0 2 
2 
3)Absorbance read at 660nm read at 540nm 
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(r2 = 0,98, n = 7) where Y is the absorbance at 540 nm and X 
is the concentration of ~-D(+) glucose . -1 in mg.ml • The 
Nelson-Somogyi calibration curve for glucose concentrations 
of 0,0015 to 0,188 mg.ml-l was Y = -0,03 + 14,73X (r2 = 0,99, 
n = 7), where Y is the absorbance at 660 nm and X is the 
concentration of B-(D+) Glucose in mg.ml-1 . 
Substrate Preparation 
Substrates were prepared in 20mM phosphate buffer {pH 6, 9) 
containing 150 mM NaCl; at the following concentrations: 
Oyster glycogen (BDH No. 38042) 1% w/v, starch (BDH No. 
30264) 1% w/v, carboxymethyl cellulose {CMC, BDH) 1% w/v, 
laminarin (Sigma No. L9634) 0,4% w/v. 
Enzyme Preparation 
Bacterial a-amylase from Bacillus subtilus (Sigma, bacterial 
crude type 3) was prepared in phosphate buffer pH 6,9 at a 
. -1 . concentration of O, 25 mg. ml and composite cellulase from 
Aspergillus niger (Sigma practical grade 2) was dissolved in 
phosphate buffer (pH 6,9) at a concentration of 0,5 mg.ml-1 . 
Solutions of mussel crystalline style enzymes were prepared 
from the styles of c. meridionalis as described by Seiderer 
et al., ( 1982) . Protein concentrations of the style enzyme 
solutions were determined according to the method of Lowry 
et al., (1951). 
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Test for Enzyme/Substrate Interference in Assay 
A series of tests were conducted to determine whether either 
the enzyme or the substrate was interfering with reactions 
taking place during Bernfeld and Nelson-Somogyi reducing 
sugar assays. Glucose (0,199 -1 mg.ml ·), a-amylase 
(0,25 mg.ml-1 ) and oyster glycogen (1% w/v) were made up in 
phosphate buffer (pH 6, 9) • As the reaction equation was 
considered to be Enzyme + Substrate ---> Reaction Products, 
an equivalent volume of glucose solution was substituted for 
Enzyme + Substrate, and then for each factor in turn, and 
analyses of reducing sugars present were conducted by both 
Bernfeld and Nelson-Somogyi methods. 
Calibration Curves 
Standard solutions of 11 saccharides (0,4 mg.ml-1 ) were made 
up in phosphate buffer (pH 6,9). The saccharides were 
dextrin, starch, lactose, cellobiose, maltose, galactose, 
mannose, fructose, xylose, arabinose and ribose. Each stock 
solution (0,4 mg.ml-1 ) was serially diluted so that solutions 
-1 -1 -1 -1 of o , 2 mg . ml , O , 1 mg . ml , O , O 5 mg . ml , O , O 2 5 mg . ml , 
0,0125 mg.ml-1 , and 0,0063 mg.ml-l were obtained. Saccharide 
solutions ranging from 0,4 mg.ml-l to 0,05 mg.ml-l were 
assayed by the Bernfeld method as the lower limit for 
detection of reducing sugars by this method is approximately 
0,05 mg.ml-1 • The Nelson-Somogyi method was more sensitive 
and saccharide solutions ranging from 0,1 mg.ml-l to 0,0063 
mg.ml-l were assayed by this method. Using the Nelson-Somogyi 
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method, saccharide solutions with concentrations above 
0,1 mg.ml-l approached the recommended maximum limit for 
accurate readings on the spectrophotometer (Beckman model 
25), and 0,1 mg.ml-l was therefore taken as an upper limit. 
Phosphate buffer blanks were subtracted from experimental 
values and data points given in results are the mean of 
triplicate readings. 
RESULTS 
Comparison of two assay methods. 
Bernfeld and Nelson-Somogyi assays ,of the reducing sugars 
produced by incubations of a-amylase, cellulase and mussel 
enzyme with glycogen, starch, CMC and laminarin are shown in 
Table 12, Reducing sugar values measured by the Bernfeld 
method were 4 to 6,7 times higher than those measured by the 
Nelson-Somogyi method for commercial enzymes, and 2,2 to 2,7 
times higher for style enzymes. Tests were therefore 
conducted to see if the enzyme or substrate was interfering 
in the reaction for either method. The results of 
substituting a glucose solution of known concentration for 
either the enzyme or substrate fraction of an incubation, or 
both, and then assaying for reducing sugars present by the 
· Bernfeld and Nelson-Somogyi methods are shown in Table 13. 
The measurements obtained for identical quantities of 
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TABLE 12 
Comparison of the carbohydrase activities of a-amylase, 
cellulase and mussel style enzymes in the presence of starch, 
glycogen, CMC and laminarin by the Bernfeld and modified 
Nelson-Somogyi methods. Values represent the release of 
reducing sugars after 9 mins. incubation at 16°C and are 
-1 -1 expressed as mg glucose .mg enzyme .h for a-amylase and 
cellulase, and mg glucose.mg style protein-1 .h-1 for style 
enzymes. 
Incubation Enzyme activity Discrepancy 
Bernf eld N-Somogyi Bernf eld 
method method N-Somogyi 
a-amylase + Glycogen 58,9 10,29 5,72 
a-amylase + Starch 90,25 16.62 5,43 
a-amylase + CMC 0,00 0,00 
Cellulase + Glycogen 8,25 1,24 6,65 
Cellulase + Starch 13,35 2,45 5,40 
Cellulase + CMC 0,80 0,20 4,0 
Style Enzyme + Glycogen 4,85 2,24 2,17 
Style Enzyme + Starch 10,00 3,65 2,74 
Style Enzyme + Laminarin 0,38 0,16 2,38 
Style Enzyme + CMC 0,00 0,05 
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TABLE 13 
Estimation of a known quantity of redu~ing sugar by the ~ernf eld and Nelson-Somogyi methods 
when substrate and enzyme are present independently: (Units are mg glucose.ml-1 ). . 
Incubation Reducing sugar Discrepancy 
estimate 
Known 
Bernf eld N-Somo~i sugar Bernf eld 
method me tho concn N-Somogyi 
Glucose only 0.210 0,187 0,199 1.12 
Enzyme + Glucose 0,101 0,102 0,099 0,99 
Substrate + Glucose 0,116 0,098 0,099 1.18 
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reducing sugars were comparable for the two methods when 
enzyme and substrate are present independently. 
Calibration Curves 
Linear regressions and their equations for standard curves 
generated by Bernfeld and Nelson-Somogyi assays of known 
concentrations of 12 different saccharides, are shown in 
Figures 20 and 21 respectively and in Table 14. Using the 
Bernfeld method for the assay of various saccharides resulted 
in calibration curves with slopes ranging from 0,32 to 0,53 
{Figure 20). Slopes of monosaccharide pentose sugars were 
between o, 52 and O, 53, while high molecular weight {>600) 
polysaccharides produced virtually no colour reaction 
{slope=O). Figure 22 shows that the slopes of the Bernfeld 
calibration curves increased with declining molecular weight 
of the saccharide {r2 = 0,89). Nelson-Somogyi determinations 
of the same saccharides resulted in calibration curves with 
slopes ranging from 5,92 to 16,34 {Figure 21). Again, a 
monosaccharide had the steepest slope {16, 34), while high 
molecular weight (>600) polysaccarides produced no colour 
reaction. 
The relationship between calibration curve slope and 
molecular weight of the saccharide was rather better for the 
Bernfeld assay {r2 = 0,89) than for the Nelson-Somogyi assay 
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Figure 20. Calibration curves of 12 saccharides using the 
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Figure 21. Calibration curves of 12 saccharides using the 
Nelson-Somogyi assay for reducing sugars. 
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TABLE 14 
Standard curve regressions (Y =a+ bx), and molecular weights of various saccharides using 
Bernfeld and Nelson-Somogyi assay procedures. 
Bernf eld Nelson-Somoygi 
Method Method 
Saccharide Type Malec.Wt. a b r n a b r n 
Ribose Pentose 150.13 -0,02 0,53 0,99 4 -0,03 11,32 0,99 5 
Xylose Pentose 150.13 -0,01 0,53 0,99 4 -0,04 14,98 0,99 5 
Arabinose Pentose 150.13 -0,01 0,52 0,99 4 -0,06 10,75 0,99 5 
Fructose Hexose 180.16 -0,02 0,43 0,99 4 -0,02 16,34 0,99 5 
Mannose Hexose 180.16 -0,02 0,42 0,99 4 -0,02 9,16 0,99 5 
Galactose Hexose 180.16 -0,02 0,46 0,99 4 -0,03 10,70 0,99 5 
Glucose Hexose 180 .16 0,01 0,39 0,98 7 -0,03 14,73 0,99 7 
Lactose Disacc. 342.30 -0,01 0,32 0,99 4 -0,02 5,92 0,99 5 
Cellobiose Disacc. 342.30 -0,02 0,32 0,99 4 -0,01 6,20 0,99 5 
' 
Maltose Disacc. 342 .30 -0,02 0,33 0,99 4 -0,02 6,24 0,99 5 
Dextrin Polysacc. +600 -0,002 0,02 0,92 4 0,00 0,50 0,94 5 
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Response of the assay methods to different saccharides 
Figures 20 and,21 show the importance of the molecular weight 
of saccharides in determining changes in optical density for 
a given concentration of reducing sugar in solution. The 
first derivative (dy/dx) calculated from Figure 22 for 
molecular weights of 150,13, 180,16 and 342,30 is at least an 
order of magnitude greater for the Nelson-Somogyi method than 
for the Bernfeld method, indicating the greater sensitivity 
of the former method to the molecular weights of the 
saccharides assayed. The varying response of the DNS method 
to the saccharide assayed has been reported before (Miller, 
1959; Farouki and Gunn, 1983; Breuil and Saddler, 1985). The 
sensitivity of both methods to the molecular weight of the 
saccharide assayed becomes important if energy budgets are 
calculated from incubations of crude enzymes and substrates 
which produce a number of varying molecular weight end 
products. From Figures 20 and 21 it is evident that for both 
Bernfeld and Nelson-Somogyi methods, high molecular weight 
(>600) polysaccharides have regression slopes of virtually 
zero even though most polysaccharides have a terminal monomer 
present as a reducing sugar. Disaccharides have lower 
regression slope coefficients than monosaccharides, and of 
the monosaccharides, the pentose regression slope 
coefficients are greater than those of the hexoses for the 
Bernfeld method, al though this is not so for the Nelson-
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Somogyi method. The stereochemistry of the sugar molecules 
may significantly affect their quantitative assay by the 
Nelson-Somogyi method. Using this method disaccharides have 
similar calibration regression slopes ranging from 5, 92 to 
6,72, but calibration slopes for monosaccharides range from 
9,16 (mannose) to 16,34 (fructose, see Table 14). However, 
fructose, glucose, galactose and mannose all have a molecular 
weight of 180,16, so it is difficult to understand why the 
regression slope coefficients vary so much, particularly as 
glucose, mannose and galactose are stereoisomers. The fact 
that fructose has the steepest calibration slope may be 
linked to the fact that it is a ketose sugar whereas all the 
other sugars are aldoses. Table 14 shows that using the 
Nelson-Somogyi method, pentose sugars also have differing 
calibration regression slopes (10,74 to 14,98), although all 
have a molecular weight of 150,13. Arabinose and ribose have 
similar slopes (10,74 and 11,32), but the calibration 
regression slope of xylose (14,98) is very similar to that of 
glucose (14,74). The difference in pentose calibration slope 
regressions may be a result of the exposed nature of the 
axial reducing group in xylose, whereas in arabinose and 
ribose the reducing group is equatorial and not quite so 
easily oxidised. The stereochemistry of sugar molecules does 
not seem to affect the Bernf eld assay procedure in any 
significant way (Figure 20, Table 14). 
\ 
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Sensitvity of assay methods. 
The slopes of the mono- and disaccharide standard curves 
obtained for the Nelson-Somogyi method (6,24 to 14,98) were 
much higher than those obtained for the Bernfeld method (0,33 
to 0,53; see Table 14). Thus for the former method a large 
change in optical density results from a small change in 
reducing sugar concentration, while for the latter method, a 
small change in optical density is the result of a large 
change in reducing sugar concentration. The Nelson-Somogyi 
method is therefore more · sensitive to changes in reducing 
sugar concentration than the Bernfeld method. Furthermore, 
the Nelson-Somogyi method is also sensitive to sugar 
. -1 concentrations of less than O, 05 mg. ml , whereas at this 
concentration, optical densities approach zero for the 
Bernfeld method (Figures 20 and 21) . 
Farouki and Gunn (1983), and Breuil and Saddler (1985) also 
demonstrate the greater sensitivity of the Nelson-Somogyi 
method. In addition the DNS method has been shown to be 
affected by the buffer used for enzyme dilution (Miller, 
1959) , the presence of Ca++ ions (Robyt and Whelan, 1972) , 
certain mineral salts (Farouki and Gunn, 1983), enzyme 
concentration (Breuil and Saddler, 1985), and may possibly be 
affected by the degree of polymerization of the residue to 
which the reducing group is attached (Breuil and Saddler, 
1985) . 
109 
Quantitative difference between assay procedures 
When reducing sugars released from the incubation of 
polysaccharide substrates with commercial enzymes were 
estimated using both the Bernfeld and Nelson-Somogyi methods, 
the Bernfeld method invariably gave an estimate 4 to 6, 7 
times higher than the Nelson-Somogyi method if glucose was 
used as a standard (Table 12). Furthermore, mussel 
crystalline style enzymes produced between 2 and 2, 7 times 
more reducing sugars .when estimated by the Bernfeld method 
compared with the Nelson-Somogyi method. Similarly, when 
investigating the action of bacterial cellulase on filter 
paper, Breuil and Saddler (1985) found reducing sugar 
estimates obtained by the dinitrosalicylic acid method were 
45% higher than those obtained by the Nelson-Somogyi method. 
From the results presented in Table 13 it is evident also 
that neither the enzyme nor the substrate, when· present 
independently, caused undue interference in the quantitative 
estimation of an analytical grade reducing sugar, and that 
both the Bernf eld and Nelson-Somogyi methods of assaying such 
pure sugars gave similar results. This suggests that it is 
the reaction products of polysaccharide hydrolysis which 
influence the estimate of free reducing sugars obtained using 
either method. 
During the enzymatic hydrolysis of polysaccharides by crude 
enzyme extracts of molluscan digestive gland or crystalline 
style, intermediate compounds are produced which consist of 
di- and oligosaccharide units, which may be further 
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hydrolysed to the constituent monosaccharides that make up 
the major reaction products. At the time of assay by Nelson-
Somogyi or Bernfeld methods, a typical hydrolysis process is 
in progress, and the reducing sugars measured by the two 
methods probably consist of a mixture of mono-, di- and 
oligosaccharides. Figures 20 and 21 show that with both 
methods, changes in optical density caused by changes in 
concentration of reducing sugar in solution are to a large 
extent dependent on the molecular weight of the sugar 
involved. When the enzyme-supstrate reaction mixture is 
stopped for assay before the hydrolysis is completed, the 
relative proportions of the oligosaccharides, disaccharides, 
hexoses and pentoses will therefore affect the optical 
density reading. If a glucose calibration curve (Table 14) is 
used to determine the amount of reducing sugars present in 
such a reaction and only di saccharides such as maltose are 
present in the assay mixture, any optical density reading 
would provide an estimate of reducing sugars present that is 
15% too low by the Bernfeld method and 58% too low if the 
Nelson-Somogyi method is used, since the maltose:glucose 
slope ratios calculated from Table 14 are 0,85 for the 
Bernfeld procedure and 0,42 for the Nelson-Somogyi procedure. 
If only pentose sugars such as arabinose are present, the 
estimate of reducing sugars present would be 33% too high by 
the Bernfeld method and 27% too low by the Nelson-Somogyi 
method, since the arabinose:glucose slope ratios calculated 
from Table 14 are 1, 33 for the Bernfeld procedure and o, 73 
for the Nelson-Somgyi procedure. Thus the Nelson-Somogyi 
111 
method is most likely to underestimate reducing sugars 
present' if glucose is used for calibration purposes, and if 
disaccharides comprise the major part of the assay mixture, 
the underestimation is likely to be about 4 times greater 




(Sova et al., 1970; 
possess a suite of 
Kristensen, 1972a; 
Gianfreda et al., 1979; , Seiderer et al. , 1982) a more 
complete hydrolysis of complex polysaccharides to component 
dimers or monomers is to be anticipated. This is likely to 
give better agreement between the two methods, as is observed 
when an analytically pure sugar is assayed (Table 13). This 
would account for the reduced discrepancy between the two 
methods when commercial substrate hydrolysis by style enzymes 
rather than commercial enzymes is assayed (Table 12), 
particularly if the latter are capable only of partial 
substrate hydrolysis. 
If an incubation is allowed to continue until all poly-, 
oligo- and disaccharides are reduced to monosaccharides, then 
the two methods should provide similar quantitative estimates 
of reducing sugar when glucose is used as a standard. In one 
experiment, an incubation of C. meridionalis style enzyme and 
glycogen was allowed to proceed for 15 hours and the reducing 
sugar release was measured by both methods. Using a glucose 
calibration curve (Table 14), reducing sugar release measured 
by the Bernfeld method was 0,899 mg glucose.mg protein-1 
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while that for the Nelson-Somogyi method was 0,460 mg 
glucose.mg protein-1 . Thus the Bernfeld estimation remained 
approximately 2 times higher than the Nelson-Somogyi 
estimate, which is similar to differences (approximately 
2-2,5) in reducing sugar estimates obtained during 9 minute 
incubations of style enzymes and a glycogen substrate 
(Table 12). Therefore increasing the incubation time of 
substrate and style enzymes from 9 minutes to as much as 15 
hours does not reduce the discrepancy between the two 
methods. However, if maltose had been used as a standard 
(Table 14) , reducing sugar release would be calculated as 
1,088 mg maltose.mg protein-1 by the Bernfeld method and 
1,092 mg maltose.mg protein-l by the Nelson-Somogyi method. 
This suggests that the final reaction product was a 
disaccharide for which maltose was a more appropriate 
standard than glucose. 
Glucose is therefore not necessarily the correct reducing 
sugar to use for calibration curves to quantify molluscan 
enzyme activity of a-amylase, laminarinase and cellulase. In 
short incubations, a-amylase hydrolyses starch and glycogen 
to 70% -90% maltose and small amounts of glucose and dextrins 
(Diem and Lentner, 1970). Cellulase hydrolyses cellulose to 
cellobiose units (Hart and Schuetz, 1966), and laminarinase 
hydrolyses laminar in to laminaribiose, higher 
oligosaccharides and some glucose but laminaribiose is 
hydrolysed to glucose very slowly (Chesters and Bull, 1963; 
Sova et al., 1970). Seiderer et al., (1982) show that 
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a-amylase and laminarinase account for a very large 
proportion of glucogenic activity of crystalline styles of 
the mussels c. meridionalis and P. perna, and other workers 
show that a-amylase and laminarinase are the principal 
bivalve carbohydrases (Horiuchi and Lane, 1966; Sova et al., 
1970; Kristensen, 1972a). On this basis it would be more 
accurate to establish calibration curves using a disaccharide 
reducing sugar. 
Recalculation of reducing sugars produced by enzyme activity 
of mussel styles on various substrates as given in Table 12, 
are shown in Table 15 using maltose rather than glucose as a 
standard. Reducing sugars assayed by the Bernfeld method are 
still higher than the Nelson-Somogyi method, but only by a 
factor of between 1,08 and 1,37. Clearly, an accurate and 
consistent measure of reducing sugar release depends upon 
selecting an appropriate sugar for the calibration curve. The 
sugar used as the standard should be representative of the 
dominant end products of substrate hydrolysis. 
Implications for quantitative estimates of reducing sugars. 
Previous studies involving reducing sugar release by 
molluscan crystalline style enzymes, estimated by the 
Bernf eld or Nelson-Somogyi method, have often used 
calibration curves based on a glucose standard (Sova et al., 
1970; Kristensen, 1972a; Lindley et al., 1976; Gianfreda 
et al. , 1979; Seiderer and Newell, 1979; Seiderer et al., 
1982; Lucas and Newell, 1984). From these results it is 
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TABLE 15 
Rec~lcul~tion of reducing sugar re~ease by C. meridionalis s~yle enzyme, using a maltose 
cal1brat1on curve from Table 13. Units are mg maltose.mg prote1n-1 .h-1 
Incubation Enzyme activity Discrepancy 
Bernf eld N-Somowi Bernf eld 
method me tho N-Somogy1 
Style Enzyme + Glycogen 5,73 5,29 1,08 
Style Enzyme + Starch 11,82 8,62 1,37 
Style Enzyme + Laminarin 0.45 0,38 1,18 









evident that both methods can be used in this way to detect 
the presence of reducing sugars, although the Nelson-Somogyi 
.. \ 
method is the more sensitive but provides a lower estimate of· 
reducing sugars with a glucose standard, as well as being 
less affected by the conditions of the incubation (Miller, 
1959; Farouki and Gunn, 1983; Breuil and Saddler, 1985). The 
selection of glucose as a standard is not unwarranted when 
comparative or qualitative results are sought. However, the 
reducing sugars present after short incubations of 
polysaccharide substrates with extracts of digestive gland or 
crystalline style enzymes are likely to be mainly 
disaccharides, and the molecular weight of the reducing sugar 
used ·as a standard has a marked effect on the calibration 
curve. It is therefore important to select an appropriate 
standard when making quantitative estimates of sugar release, 
particularly when those results are used to calculate energy 
budgets. For this purpose it is neccessary to know what the 
reaction products of an enzyme-substrate incubation are 
likely to be before selecting a single reducing sugar as a 
standard for calibration purposes. 
To test the significance of these findings, the energy 
budgets of Seiderer et al. , ( 1982) and Lucas and Newell 
(1984) may be recalculated using more appropriate maltose and 
cellobiose standard regressions from Table 14, since both 
authors use glucose only as a standard. It makes very little 
difference to recalculate the Bernfeld assays of Seiderer 
et al., {1982) in terms of maltose equivalents since their 
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standard (glucose) to make quantitative estimates of reducing 
sugar release, in an effort to calculate the energetic gain 
from crystalline style activity, it seems likely that such 
energy balance studies may be in error. 
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CHAPTER IV 
a-AMYLASE AND LAMINARINASE ACTIVITIES IN THE STYLE 
AND DIGESTIVE GLAND OF FOUR SOUTH AFRICAN MUSSELS 
121 
INTRODUCTION 
Although a considerable body of literature exists on 
digestive enzymes in marine invertebrates, very little of it 
directly concerns the ecological implications of enzyme 
activity. The relationship between the spectra of 
carbohydrases and the natural food sources of these animals 
has been examined but the presence of laminarinase and 
cellulase enzymes is likely to be more closely correlated 
with phylogenetic relationships than with diet (Sova et al., 
1970; Gianfreda et al., 1979; Agnisola et al., 1981). Most 
analyses of enzyme activities in bivalves have been confined 
to establishing their presence, temperature and pH optima, 
and the conditions suitable for hydrolysis. In general 
a-amylase and laminarinase appear to be the most important 
polysaccharases in bivalves (Wojtowicz, 1972; Shallenberger 
et al., 1974; Seiderer et al., 1982; Stark and Walker, 1983). 
Polysaccharide hydrolase studies can however supply useful 
information about the ecology of a particular animal, as 
shown by the work of Seiderer- and Newell, ( 1979) , Seiderer 
et al. , ( 1982) and Lucas and Newell, ( 1984) . Thus al though 
the carbohydrase spectra of marine invertebrates may not be 
closely correlated with food sources, 
same food sources, enzyme activities 
in animals sharing the 
may be a mechanism 
controlling the distribution and ecological success of 
species under different environmental conditions. The ability 
to digest the available food source in order to acquire 
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suf ff icient energy from the environment will clearly be a 
major factor determining the success of a species in a 
• 
particular habitat. 
Apart from the work of Seiderer and Newell (1979) and 
Seiderer et al. (1982) on c. meridionalis, the only other 
information on polysaccharide carbohydrases in South African 
mussels is that of Gardiner (1980). He recorded no increase 
in the crystalline style a-amylase activity of subtidal 
A. ater, after warm acclimation. To date there is no 
information on digestive gland carbohydrases of· these 
mussels. If the digestive gland significantly contributes 
to saccharogenesis during digestion, the saccharogenesis 
required to satisfy the animals carbon requirements from 
crystalline style enzymes would be considerably less. Style 
turnover times such as those determined by Seiderer et al. 
(1982) may therefore be longer. The following work was 
carried out to compare the major crystalline style and 
dig'estive gland carbohydrases of c. meridionalis, 
M. galloprovincialis , P. perna and A. ater and to examine 
these enzyme activities in relation to the habitat and 
distribution of the different species. The hypothesis is 
tested that the differing mussel distributions on the South 
African coastline can in part be explained by differing 
enzyme capabilities. 
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MATERIALS AND METHODS 
Preliminary work on the crystalline style and digestive gland 
enzymes of c. meridionalis, M. galloprovincialis, P. perna 
and A. ater indicated that a-amylase and laminarinase were 
the major carbohydrases, and cellulase and alginate lyase 
accounted for less than 1% of total saccharogenesis. 
Experiments were therefore confined to testing the effect of 
the two major polysaccharases on commercially available and 
purified substrates. 
Experimental material 
C. meridionalis, M. galloprovincialis and A. ater of 
approximately 60 mm shell length were collected from the 
intertidal rocks at Blouberg Strand on the west coast of 
South Africa, while P. perna (± 60 mm shell length) were 
col.lected intertidally at Bailey's Cottage in False Bay 
(Figure 1). Enzyme solutions were prepared from crystalline 
style and digestive gland material immediately on returning 
to the laboratory, all assays being completed within 24 hours 
of collection. Material for rate-temperature and gel 
filtration experiments was collected on separate occasions. 
The crystalline style and approximately 400 mg wet weight of 
digestive gland tissue from the area immediately surrounding 
the stomach were removed from each of 15 individuals of each 
species. Tissues were rinsed in chilled 20 mM phosphate 
buffer pH 6,9 containing 150 mM NaCl, and homogenized with a 
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glass tissue grinder in 5 ml of 20 mM chilled phosphate 
buffer (see also Seiderer et al. , 1982; Lucas and Newell, 
1984). Crystalline style homogenates were 
15000 x g at 3 °c for 10 minutes, while 
homogenates were centrifuged at 30000 x g 
centrifuged at 
digestive gland 
at 30c for 60 
minutes. The supernatant was used for enzyme assays. The 
supernatant from digestive gland samples was filtered through 
a glass wool filter to remove any undissolved lipids. As 
preliminary work indicated high enzyme blanks in 
gland preparations, these were dialysed at 
digestive 
3°c for 
approximately 20 hours against 3000 volumes of stirred 20 mM 
phosphate buffer. 
Style and digestive gland protein concentrations 
Protein concentration of the enzyme preparations was 
calculated using the method of Lowry et al. (1951), from the 
standard equation described by y = 0,025 + o,00097x 
(r = 0,99, n = 8) where y is the absorbance at 660 nm and x 
is the protein concentration in µg .ml -l, with bovine serum 
albumin (BDH) as a standard. 
Effect of temperature on enzyme activity. 
Enzyme preparations were all standardized to 
1 mg protein.ml-l and a-amylase and laminarinase activities 
were determined by the method of Nelson (1944) as modified by 
Somogyi (1951), using commercially available and purified 
oyster glycogen and laminarin substrates as described in 
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Chapter III. However, 200 µl aliquots of enzyme and substrate 
were used instead of 500 µl aliquots. After incubating at 
each temperature for 5 minutes, 400 µl of Somogyi reagent was 
added. After boiling and cooling, 800 µl of Nelson reagent 
and 5 ml of water were added. The absorbance at 660 nm was 
determined using a Beckman DU 40 Spectrophotometer, and 
saccharogenic activity was calculated from the standard 
calibration equation y = -0,02 + l,77x (r = 1, n = 7) where y 
is the absorbance at 660 nm. and x is reducing sugar 
concentration in -1 mg.ml , using maltose as a standard. 
Substrate and enzyme blanks were subtracted from experimental 
values and data points given in the results are the mean of 
triplicate readings. 
Separation of proteins by gel filtration 
Aliquots of 3 ml of enzyme extracts prepared as described 
above, and containing approximately 20 mg protein, were 
loaded onto an 84 cm x 2 cm diameter gel filtration column 
packed with Sephacryl s-200. The sample was eluted with 
approximately 300 ml of 20 mM phosphate buffer. However, no 
further proteins were detected in fractions after the elution 
of approximately 200 ml of buffer. The eluate was collected 
in 2 ml fractions using a fraction collector. Because of the 
large number of samples involved, the protein in each 
fraction was determined spectrophotometrically at 280 nm from 
the standard equation y = 0,003 + 0,00067x (r = 0,99, n = 8) 
where y is the absorbance at 2 8 o nm and x is the protein 
concentration in µg. ml -l, using bovine serum albumin as a 
126 
standard. However, it was found that protein concentrations 
determined by this method overestimated the concentration 
when compared with estimates based on the method of Lowry 
et al., (1951). Thus protein concentrations of 53 enzyme 
fractions were measured by both methods, and protein 
concentrations determined at 280 nm were corrected to protein 
concentrations measured at 660 nm (Lowry et al., 1951) using 
the equation y = 1,67 + 1,85x ; (r = 0,97, n = 53) where y is 
the protein concentration at 280 nm and x is the protein 
concentration at 660 nm. a-amylase and laminarinase activity 
in alternate fractions was determined as described above. 
The approximate molecular weight of proteins eluted from the 
column was estimated from the elution volume using bovine 
serum albumin, ovalbumin, lysozyme and cytochrome C as 
standards. These standards (2 mg) were eluted from the column 
with approximately 300 ml of 20 mM phosphate buffer and the 
fractions were scanned at 280 nm to locate the protein peaks. 
The elution volume of the protein standards was then used to 
construct the calibration curve y = 1225 235, 28 Log x 
(r = -0,98, n = 4) where y is the elution volume in ml and x 




digestive gland a-amylase 
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Of the crystalline style and 
and laminarinase activities of 
c. meridionalis, M. galloprovincialis, P. perna and A. ater 
are shown in Figures 23-26~ The temperature coefficients of 
these curves are shown in Table 16. 
a) a-amylase activity 
Between 10°c and 20°c the crystalline style a-amylase 
activity Q10s of all the mussels were very similar, ranging 
between 1,99 and 2,18 (Figure 23, Table 16). These Q10 values 
thus approach the Q10 for bivalve filtration rates in this 
temperature range (Winter, 1978). Since water temperatures 
in False Bay (Cliff, 1979) and on the Atlantic coast (see 
Chapter I) are between 10°c and 20°c most of the time, a 
considerable increase in digestion and assimilation is 
possible as a result of greater a-amylase activities 
following rapidly increasing environmental temperatures. 
This would allow the animals to benefit from temperature-
induced increases in clearance rates and help to off set the 
increased metabolic cost associated with higher temperatures 
(Bayne and Newell, 1983). Temperature coefficients for style 
a-amylase activity between 20°c and 3o0 c were much lower than 
those between 10°c and 20°c (see Table 16,) indicating an 
adaptation to the lower temperature range. However, it is 
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Figure 23. Crystalline style a-amylase rate-temperature 
curves for c. meridionalis (e----9), 
M. galloprovincialis (o--a), P. perna (11--11) and 
A. ater (0---0). Vertical bars represent the 
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Figure 24. Digestive gland a-amylase rate-temperature curves 
for c. meridionalis (.._........), 
M. galloprovincialis (o--a), P. perna (11-----m) and 
A. ater (o---o) • Vertical bars represent the 
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Figure 25. Crystalline style laminarinase activity rate-
temperature curves for C. meridionalis (• •), 
M. galloprovincialis (o--o), P. oerna <-----> and 
A. ater (o---o) • Vertical bars represent the 
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Figure 26. Digestive gland laminarinase activity rate-
temperature curves for c. meridionalis (e---.), 
M. galloprovincialis (~), P. oerna (___.) and 
A. ater (o---o) • Vertical bars represent the 
standard deviation of the mean. 
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TABLE 16 
Temperature coefficients for crystalline style and digestive glandll'·amylase and laminarinase 
acitivity of four mytilid species. · 
Mussel Style Digestive gland 
ll'-amylase laminarinase ll'-amy lase laminarinase 
10-20°C 20-30°C 10-20°C 20-30°C 10-20°C 20-30°C 10-20°C 20-30°C 
C. meridionalis l, 99 1,45 l,25 1,52 l, 97 1.40 1,67 1,53 
M. galloprovincialis 2,11 1,47 1,37 1,65 l, 99 1,38 1,47 1,42 
P. perna 2,06 l,72 l,36 1,61 1,00 1,42 1,13 1,41 
A. ater 2,18 1,60 1,45 l,63 . 1,51 1,37 1,48 1,25 
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int_eresting that the Q10 between 20°c and 3o
0 c for P. perna, 
which is generally confined to the warmer south and east 
coasts, was higher (1,72) than for any of the cold west coast 
species (1,45-1,60). 
Digestive gland a-amylase rate-temperature curves and 
temperature coefficients shown in Figure 24 and Table 16 
demonstrated a wide variation. Between lo0c and 20°c 
c. meridionalis and M. galloprovincialis had high Q10s in 
this range (1,97 and 1,99 respectively), which are very 
similar to these species' Q10 values for crystalline style 
a-amylase activity (Table 16) • A. ater had a digestive gland 
a-amylase activity Q10 of 1,51 between 10°c and 20°c compared 
with a crystalline style coefficient of 2,18 in this 
temperature range. However, P. perna had a digestive gland 
a-amylase temperature coefficient of 1, oo in the 10°c-20°c 
temperature range, and Figure 24 shows the extremely flat 
nature of the rate-temperature curve, and the low level of 
saccharogenesis. This is surprising and indicates that 
P. perna relies almost exclusively on energy production by 
the crystalline style to combat increased metabolic costs 
associated with raised temperatures. 
The optimum temperature for crystalline style a-amylase 
activity was 4o 0c for P. perna from the warm south coast, and 
350c for the three west coast cold water species (Figure 23). 
Digestive gland a-amylases show the same pattern except that 
the optimum temperature for M. galloprovincialis was 3o0c 
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(Figure 24) and this species may therefore possess two 
isozymes of a-amylase with differing temperature optima 
(Alemany and Rosell-Perez, 1973; Mirza and Serban, 1981). The 
higher temperature optima for P. perna a-amylases may allow 
this species to penetrate further into the progressively 
warmer climatic conditions along the south and east coasts 
than the other species. However, the elevated temperature 
optima may not be inherent and could also be a response to 
water temperatures that in summer are generally 5-6°c warmer 
in False Bay than the Atlantic coast. 
b) Laminarinase activity 
Changes in crystalline style laminarinase activity with 
temperature (Figure 25) were very similar for all mussel 
species and Q10 values between 10°c and 20°c ranged between 
1,25 and 1,45 (Table 16). A. ater which is predominantly a 
kelp bed animal had the highest coefficient for style 
laminarinase activity. 
lower than 
However these values were 
considerably a-amylase coefficients in this 
temperature range (1,99-2,18). Temperature coefficients in 
the 20°c-3o0c temperature range were similar to crystalline 
style a-amylase Q10s between these temperatures (Table 16). 
Digestive gland laminarinase rate-temperature curves of the 
mussels are shown in Figure 26 and the temperature 
coefficients are shown in Table 16. Q10 values between 10°c 
and 20°c for C. meridional is, M. galloprovincialis and 
A. ater were similar (1,47-1,67) and once again were higher 
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than corresponding Q10 values between 20°c and 3o
0c. P. perna 
had a very low Q10 (1,13) between 10°c and 20°c and a higher 
value (1,41) for the 20°c to 3o0c temperature range. 
For C. meridionalis, M. galloprovincialis and P. perna, the 
optimum temperature for crystalline style and digestive gland 
laminarinase activity was 45°c. For A. ater however, the 
optimum temperature for style laminarinase activity was 4o0c 
while that for digestive gland laminarinase activity was 
There may therefore be two types of laminarinase 
isozymes present in the digestive gland and crystalline style 
tissues of A. ater (Figures 25 and 26). 
In Figures 23 and 25 it is evident that a-amylase and 
laminarinase activity per unit protein in crystalline style 
homogenates was lower at all temperatures for C. meridionalis 
than for M. galloprovincialis, P. perna and A. ater. This is 
probably the result of a greater proportion of structural 
protein in the crystalline style of c. meridionalis than in 
the styles of M. galloprovincialis, P. perna and A. ater. 
The dry weight of crystalline style as a percentage of dry 
body weight of 10 animals of each species was measured and is 
shown in Table 17. C. meridionalis had a greater weight of 
style per unit flesh weight than the other species and the 
increasing a-amylase activity per unit protein of the 
different species shown in Figure 23 was matched by a 
decrease in style weight as a percentage of body weight 
(Table 17) . In digestive gland material however, the 
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TABLE 17 
Dry weight of the crystalline style as a percentage of dry 
body weight in C. meridionalis, M. galloprovincialis, 
P. perna and A. ater. 
Mussel Style wt. as a percentage 
of body weight (.:!:_ SD) 
C. meridionalis 0,460 ( .:!:. 0,054) 
M. galloprovincialis 0,134 ( .:!:. 0,097) 
P. perna 0,146 ( .:!:. 0,076) 
A. ater 0,245 ( .:!:. 0,080) 
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a-amylase activity per unit protein of C. meridionalis was 
considerably higher than that of the other species (Figure 
24) • 
Gel filtration of enzyme proteins 
a) Protein profiles 
The recovery of style and digestive gland proteins loaded 
onto the column is shown in Table 18, and ranged between 52% 
and 76%. The recovery of style protein was generally greater 
(71%) than digestive gland protein (58%). Protein 
distributions in relation to elution volumes for crystalline 
style and digestive gland preparations of the four mussel 
species are shown in.Figure 27. Although all digestive gland 
protein profiles and all crystalline style protein profiles 
were fairly similar, considerable differences were evident 
between style and digestive gland profiles. Style proteins 
showed a dominant peak at an elution volume of 62 ml which, 
from the protein calibration standards, corresponds to a 
molecular weight of approximately 88000. There was a further 
broad protein peak or shoulder at an elution volume of 
approximately 110 ml (MW = 55000) and a third peak 
corresponding to proteins with molecular weights < 44000. 
Digestive gland protein profiles were dominated by the 
elution of high molecular weight proteins (> 50000) between 
elution volumes of approximately 55 ml and 120 ml. Thereafter 
M. galloprovincialis and A. ater showed a gradual decrease in 
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TABLE 18 
Percentage recovery of crystalline style and digestive gland 
proteins of C. meridionalis, M. galloprovincialis, P. perna 
and A. ater after gel filtration. 
Mussel Percentage Recovery 
crystalline style digestive gland 
c. meridional is 76% 62% 
M. galloprovincialis 74% 64% 
P. perna 64% 53% 
A. at er 71% 52% 
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Figure 27. Protein weight (mg) as a function of elution 
volume in style (()---Q) and digestive gland (.__.) 
homogenates of c. meridionalis, M. galloprovincialis, 
P. perna and A. ater. Data expressed for the 
addition of 20 mg protein to the column. 
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protein content of the eluate fractions while C. meridionalis 
and P. perna had well defined peaks corresponding with 
proteins of molecular weights < 37000. 
After a single gel filtration, enzyme proteins cannot be 
completely separated from structural proteins. This results 
in a supression of enzyme activity per unit protein in larger 
molecular weight fractions which may contain structural 
material. However, smaller molecular weight fractions may 
approach the specific activities of the enzymes (Seiderer 
et al., 1982). Thus estimates of saccharogenesis by 
a-amylase and laminarinase were expressed per unit of total 
protein in the eluate. 
b) a-amylase activity 
The profile of a-amylase activity in c. meridionalis, 
M. galloprovincialis, P. perna and A. ater crystalline style 
and digestive gland eluates is shown in Figure 28, where 
a-amylase activity is plotted as a function of elution 
volume. "Specific activities" of the enzyme peaks together 
with elution volumes are shown in Table 19. There were 
considerable differences in a-amylase activity profiles, both 
among the different mussel species and between digestive 
gland and style material. All four mussel species show 
similar crystalline style a-amylase activity peaks at an 
elution volume of 62 ml (MW = 88000), which coincides with 
the large molecular weight structural proteins in the style 
(Figure 27). c. meridionalis and P. perna each have one other 
1,0 
.c > ~· 0.1 
!: .E 
















0,001 ..._.-----------....... ----.... 0,001 "'-..----------------. 




0,001 ......... ------..------------. 0,001 ..._.------.....-----.....------. 
40 
Figure 28. 
100 160 220 
ELUTION VOLUME (ml) 
40 100 160 
ELUTION VOLUME (ml) 
220 
Saccharogenic activity (mg maltose liberated. 
mg protein in eluate-1 .h-l at 2s° C) of style (o---o) 
and digestive gland (____..) a-amylases of 
C. meridionalis, M. galloprovincialis, P. perna and 




Specific activities. elution volumes and approximate molecular weights of C. meridionalis 
M. galloprovincialis. P. perna and A. ater crystalline style and digestive gland a-amylase proteins 
0 -l -l 
Enzyme activity is expressed as mg maltose liberated at 15 C.mg protein in the eluate .h 
Mussel Crystalline style Digestive gland 
Elution Approx. Activity mg maltose. Elution vol Approx. Activity mg maltose. 
-1 -l -l -l 
vol ml MW mg protein .h ml MW mg protein .h 
c. meridional.is 62 88000 0.74 116 52000 70.81 
124 48000 341.90 
M. galloprovincialis 62 88000 1.06 80 74000 48.73 
118 51000 12.55 .!. 130 45000 2.35 
154 36000 59.78 174 29000 257.30 
190 25000 3142.21 
P. perna 62 88000 1.25 
146 39000 972.91 
A. ater 62 88000 0.67 70-114 1.27-6.33 
102 59000 11.55 142 40000 14.45 
150 37000 52.72 
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well defined peak corresponding to a molecular weight of 
' 
< 48000, while A. ater had two and M. galloprovincialis 
three further a-amylase activity peaks (Table 19). For 
M. galloprovincialis, the peak at 190 ml was the largest and 
had a "specific activity" of 3142,21 
mg maltose.mg protein-1 .h-l, which is very high compared with 
other a-amylase "specific activities" shown in Table 19. 
Although the estimates of the mole'cular weights of enzyme 
peaks differ, these style a-amylase protein profiles for 
c. meridionalis and P. perna agree well with those of 
Seiderer et al. (1982). In all eluates the "specific 
activity" of the first peak is probably reduced because of 
structural proteins present in the eluate, but lower 
molecular weight peaks can reach very high apparent "specific 
activities", particularly in M. galloprovincialis and 
P. perna style eluates (see Table 19). 
In digestive gland a-amylase activity profiles, there was 
little a-amylase activity in the large molecular weight 
structural proteins which eluted first from the column, apart 
from a possible peak denoted by a single point at an elution 
volume of 70 ml in the A. ater profile (Figure 28). 
c. meridionalis had a single large well defined a-amylase 
protein peak and M. galloprovincialis had a large broad peak 
and two smaller peaks (see Figure 28, Table 19). In A. ater 
eluates, a-amylase protein peaks were poorly defined, but 
there is considerable a-amylase activity between elution 
volumes of 70 ml and 114 ml. There were no clearly defined 
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peaks in a-amylase activity of P. perna digestive gland 
proteins and a-amylase activity was very low. This confirms 
the low saccharogenic rate for this species shown in Figure 
24. "Specific activities" of c. meridionalis and 
M. galloprovincialis digestive gland a-amylase were 
considerably higher than those of P. perna and A. ater 
(Table 19) and this agreed well with saccharogenesis per unit 
total protein shown in Figure 24. In digestive gland eluates 
M. galloprovincialis again had an a-amylase activity peak 
(MW= 29000) with a very much greater "specific activity" than 
any of the other mussel species (Table 19). From Figure 28 it 
would appear that in M. galloprovincialis and C. meridionalis 
there is approximately equal a-amylase activity in the 
crystalline style and digestive gland, while for P. perna, 
greater a-amylase activity is located in the style than the 
digestive gland, while the reverse is true for A. ater. 
c) Laminarinase activity 
Profiles of the laminarinase activity of the crystalline 
style and digestive gland proteins of the four mussel species 
are shown in Figure 29 and "specific activities"of the enzyme 
peaks are shown in Table 20. In crystalline style eluates, 
all four species had a well defined laminarinase activity 
peak at an elution volume of 62 ml (MW = 88000) . Style 
eluates showed a second peak for c. meridionalis and two 
others for P. perna and M. galloprovincialis. Seiderer et al. 
(1982) found 2 laminarinase protein peaks in crystalline 
style eluates of c. meridionalis and P. perna, and again 
1,0 
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Figure 29. 
100 160 220 
ELUTION VOLUME (ml) 
40 100 160 
ELUTION VOLUME (ml) 
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Saccharogenic activitl (mg maltose liberated. 
mg protein in eluate.h- at 25° C) of style (o--o) and 
digestive gland (....__..) laminarinases of 
c. meridionalis, M. galloprovincialis, P. perna and 




Specific activities. elution volumes and approximate molecular weights of C. meridionalis. 
M. galloprovincialis. P. perna and A. ater crystalline style and digestive gland laminarinase 
0 
proteins. Enzyme activity is expressed as mg maltose liberated at 25 C.mg protein in the 
-1 -1 
eluate .h 
Mussel Crystalline style Digestive gland 
Elution Approx. Activity mg maltose. Elution vol Approx. Activity mg maltose. 
-1 -1 -1 -1 vol ml MW mg protein .h ml MW mg protein .h 
c. meridionalis 62 88000 0.91 60-90 2.66-2.05 
186 26000 686,87 138 42000 12.56 
194 24000 20.90 
M. galloprovincialis 62 88000 5.18 60-90 3.70-2.08 
124 48000 19.75 108 56000 5.75 
150 37000 19.03 
P. perna 62 88000 2.17 60-90 o. 76-1.14 
106 57000 15.28 140 41000 5.45 
178 28000 460,50 174 29000 50.79 
A. ater 62-104 1. 57-11. 11 64 86000 16.71 
136 43000 10.69 
168 31000 39.15 
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their estimates of the molecular weights of the protein peaks 
differ from those reported here (Table 20) . 
In A. ater, style proteins showed elevated laminarinase 
activity in the elution range 62 ml-104 ml and in two smaller 
broad peaks. Thus M. galloprovincialis, P. perna and A. ater 
each have three laminarinase protein peaks while 
C. meridionalis has two (Figure 29, Table 20). Figure 25 
shows that M. galloprovincialis, P. perna and A. ater had 
very similar laminarinase activities per unit total style 
protein, while that of C. meridionalis was considerably 
lower. However, Table 20 shows that the "specific 
activities" of crystalline style laminarinases of 
c. meridionalis and P. perna are very much higher than those 
' 
of M. galloprovincialis and A. ater. 
In contrast to a-amylase proteins, laminarinase proteins were 
located in the large molecular weight digestive gland 
proteins which eluted early from the column (Figure 29) . 
"Specific activities" of these laminarinase proteins are 
shown in Table 20. The elution profile of A. ater indicated 
a raised level of digestive gland laminarinase activity 
throughout the range of proteins eluted. Figure 26 showed 
that below 330c, saccharogenesis by A. ater digestive gland 
laminarinase per unit total protein was higher than the other 
mussels. C. meridionalis, M. galloprovincialis and P. perna 
all had broad digestive gland laminarinase protein peaks 
.between elution volumes of approximately 60 ml and 90 ml, and 
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either one or two minor peaks (Figure 29, Table 20). In all 
mussel species, the "specific activities" of digestive gland 
laminarinases were generally lower than those of style 
laminarinases (Table 20), but this may be a result of the 
high levels of protein that occurred throughout much of the 
elutions of digestive gland homogenates (Figure 27). 
Laminarinase activity appears to be equally distributed 
between the crystalline style and digestive gland in 
M. galloprovincialis and P. perna, while more activity is 
found in the style in C. meridional is and in the digestive 
gland in A. ater (Figure 29). It is noticeable that in these 
last two species, which are particularly associated with the 
kelp beds, laminarinase activity in the style 
(C. meridionalis) and digestive gland (A. ater) is high 
throughout the elution range. 
DISCUSSION 
Rate-temperature curves 
The temperature coefficients for crystalline style a-amylase 
activity in Table 16 are very much higher than the values of 
1,21 reported for c. meridionalis style a-amylase activity by 
Seiderer and Newell (1979) and 1,20 for subtidal A. ater 
style a-amylase activity by Gardiner (1980). The reason for 
this is not clear, but it is possible that mussels ·are 
sensitive to the amplitude of temperature variations 
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encountered in the intertidal area, and during periods of 
large temperature fluctuations, can increase the temperature 
coefficients of the style enzymes. Seiderer and Newell (1979) 
used c. meridionalis collected from Blouberg Strand in winter 
(Seiderer, pers comm.) while Gardiner used subtidal A. ater. 
In both cases the temperature fluctuations experienced by the 
animals were very much less than the mid-summer conditions 
experienced by animals in the present study. In summer, 
submerged mussels experience temperatures of 10-12°c and on 
exposure temperatures may be as high as 3o0c. Thus apart from 
the thermal acclimation response in c. meridionalis style 
a-amylase shown by Seiderer and Newell (1979), there may be a 
seasonal increase in a-amylase temperature coefficients in 
response to the large daily fluctuations in temperature that 
the animals are subjected to in summer. Such seasonal changes 
may be fairly common, since Gabbett (1983) describes seasonal 
changes in various enzyme activities of a number of bivalves 
(see also Hoffmann, 1983). 
There is also a different interpretation of the significance 
of the acclimatory response in style a-amylase activity of 
c. meridionalis (Seiderer and Newell, 1979). In summer .on 
the west coast of South Africa, sea temperatures are lower 
(+ i2°c) than in winter (± 1s0c) because of upwelling events 
(Chapter I) . c. meridionalis lives in the low intertidal 
zone and grows in dense beds up to o, 5 m above low water 
spring tide levels (Griffiths 1981). Using South African Navy 
hydrographic tables to convert this figure to metres above 
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chart datum, on an average day in summer, C. meridional is 
O, 5 m above low water spring tide level are submerged for 
59,8% and exposed for 40,2% of a 24 hour period. If only 
daylight hours are considered to result in elevated 
temperatures being experienced at low tide, mussels at the 
top of the intertidal range will still be submerged for 56,4% 
of the time. These figures assume calm sea conditions, which 
seldom occur on the exposed west coast. Mussels are therefore 
probably in equilibrium with low sea temperatures for more 
than 60% of the time in summer. It is difficult to accept 
that the animals can therefore acclimate to off set increased 
metabolic costs incurred during exposure in summer. 
Acclimation and increased a-amylase activity are more likely 
to occur in response to warmer water conditions in winter. 
This may serve to increase assimilation of the higher 
particulate carbon and nitrogen levels in winter (Chapter I) 
in order to maximize energy gain before the spring spawning 
' 
period (Griffiths, 1977). Thus mussels may demonstrate 
considerable flexibility in rearranging enzyme activities to 
suit particular environmental circumstances. 
Table 16 shows that crystalline style a-amylase Q10 values 
between 10°c and 20°c of all mussel species were considerably 
higher than laminarinase values. Except for P •. perna this 
pattern is repeated in digestive gland a-amylases and 
laminarinases. Thus to increase assimilation rates to counter 
increased metabolic costs caused by short term· temperature 
increases, the mussels would appear to rely on 
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saccharogenesis by a-amylase rather than laminarinase 
enzymes. Also, because the temperature coefficients for 
a-amylase are higher than for laminarinase, as temperature 
increases, saccharogenesis by a-amylase will form an 
increasingly greater proportion of total saccharogenesis by 
the two enzymes. This is a metabolic advantage, because 
starch or glycogen is probably hydrolysed more easily than 
laminarin. There is considerable evidence that hydrolysis of 
laminarin requires a suite of enzymes consisting of an exo 
~-D(l-3) glucanase and one or more endo ~-D(l-3) glucanases 
(Chesters and Bull, 1963; Sova et al., 1970; Lindley et al., 
1976; Stark and Walker, 1983; Schevchenko, 1986). Although 
glucose may be one of the products of laminarin hydrolysis 
(Chesters and Bull 1963; Lindley et al., 1976; Bezukladnikov 
and Elyakova, 1986) the major products of hydrolysis of 
laminarin by marine molluscs are oligosaccharides with traces 
of laminarisaccharides (Bezukladnikov and Elyakova, 1986; 
Shevchenko et al., 1986). The further action of a broadly 
specific ~-glucosidase is required to complete hydrolysis to 
the point where the animal can make use of the product 
(Chesters and Bull, 1963; Sova et al., 1970; Stark and 
Walker, 1983). There is also evidence that the initial 
oligosaccharides produced have an inhibiting eff.ect on the 
hydrolosis of laminarin (Shevchenko et al., 1986). Thus 
laminarin digestion is likely to be slow. Hydrolysis of 
starch or glycogen is rapid, the end products being maltose 
I 
and glucose (Diem and Lentner, 1970; Stark and Walker, 1983). 
Several molluscs possess a maltase enzyme to rapidly degrade 
152 
the maltose to metabolically useful glucose (Horiuchi and 
Lane, 1965; Stark and Walker, 1983; Mayasich and Smucker, 
1986). Thus as a response to rapid increases in metabolic 
costs, it is more useful to increase hydrolysis by a-amylase 
rather than by laminarinase enzymes. 
The temperature 
(Figures 23-26) 
optima for all the enzymes investigated 
appear unrealistically high· for int~rtidal 
animals, but the length of an incubation has a marked effect 
on enzyme temperature optima, and enzymes may be degraded 
during prolonged incubations at supposedly optimum 
temperatures measured during shorter incubations (Chesters 
and Bull, 1963; Lindley et al., 1976; Jacober et al., 1980). 
Since gut retention times for these South African mussels are 
between two and eight hours (Bayne et al., 1984) 
physiological temperature optima are likely to be 
considerably lower than those obtained for a 5 minute 
incubation. 
Gel filtration of enzyme proteins 
Tables 19 and 20 show that there was a wi~e range in the 
molecular weights of proteins exhibiting a-amylase and 
laminarinase activity, and a number of isozymes of these 
enzymes may occur in the same animal. Isozymic forms of 
a<-amylase (Wojtowicz, 1972; Alemany and Rosell-Perez, 1973; 
Newell et al., 1980b; Trainer and Tillinghurst, 1982) and 
laminarinase (Wojtowicz, 1972; Lindley et al, 1976; Elyakova 
and Zvyag intseva, 19 81; Stark and Walker, 19 8 3) have been 
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isolated from various molluscs. Seiderer et al. (1982) 
reported molecular weights of 67000 and ± 9000 for 
crystalline style a-amylase proteins and 67000 and < 5000 for 
style laminarinase proteins of c. meridionalis and P. perna. 
In the present study, a-amylase protein molecular weights 
were estimated as 88000 and 48000 in C. meridionalis styles 
and 88000 and 39000 in P. perna styles, while style 
laminarinase proteins had molecular weights of 88000 and 
26000 for c. meridionalis and 88000, 57000 and 28000 for 
P. perna. Why these estimates.of molecular weights differ is 
not clear. Other reported a-amylase molecular weights are 
39000 for Placopecten magellicanicus (Wojtowicz, 1972), and 
15700 and 12900 for Mya arenaria (Trainer and Tillinghurst, 
1982). Wojtowicz (1972) estimated a molecular weight of 56000 
for P. magellanicus laminarinase enzyme. 
In terms of cellular energy, the production of isozymes which 
enable an organism to util.ize a changing therm9l regime 
efficiently is a better strategy than the increased 
production of a less efficient pre-existing enzyme which 
cannot function over the whole range of temperatures at which 
catalysis must be performed (Hochachka and Somero, 1973). If 
a-amylase and laminarinase proteins eluting at several widely 
differing elution volumes represent isozymes of these enzymes 
in the same animal (see Hoffmann, 1983), then Tables 19 and 
20 show that M. galloprovincialis possesses more isozymes of 
a-amylase both in style and digestive gland eluates than the 
other three mussel species, and more style laminarinase 
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isozymes than c. meridionalis and A. ater. In addition the 
M. galloprovincialis a-amylase peak with a molecular weight 
of 25000 has a specific activity at least three times greater 
than any other mussel a-amylase (Table 19). In view of the 
importance of a-amylase in compensating for temperature 
induced increases in metabolic costs, M. galloprovincialis 
may therefore be at a considerable advantage in coping with a 
changing subtidal or· intertidal thermal regime. This may be a 
partial explanation of the relatively recent success of this 
species in colonizing the intertidal area on the west coast, 
and it may enable the species to extend its range to the 
warmer waters east of Cape Point. 
Saccharogenesis in relation to habitat. 
From the data presented above, an estimate of total 
saccharogenesis by crystalline style and digestive gland 
eluates of the different mussel species can be made. Table 21 
shows the saccharogenic activity at 25°c of style and 
digestive gland eluates of the mussels. These data were 
calculated from the a-amylase and laminarinase activities 
shown in Figures 28 and 29. However, 15°c is a more 
reasonable reflection of environmental sea temperatures on 
the south and west coasts. The data were therefore adjusted 
to activity at 15°c using correction factors calculated from 
the rate-temperature curves in Figures 23 - 26. The 
percentages of total saccharogenesis at 15°c resulting from 




Total maltose liberation (mg maltose.h at 25 C) from eluates of styles and digestive glands of 
C. meridionalis. M. galloprovincialis. P. perna and A. ater. 
liberated per m_g total protein in the eluates and 
·1. -1 0 
Data is also expressed as mg.maltose 
this was corrected to mg maltose. 
mg total protein .h at 15 C using conversion factors calculated from temperature coefficients 
between 15°c and 25°C of Figures 23-26. The proportion of total saccharogenesis from a-amylase 
activity and laminarinase activity is also shown. For comparative purposes saccharogenesis per mg 
0 
total protein at 15 C by style and digestive gland homogenates used for rate-temperature curves (RT) 
is shown. 
-1 
mg maltose. h 
0 
at 25 C 
c. meridional is 
Style a-amylase 46,92 
laminarinase 55,97 
Total 
d. gland a-amylase 183.36 
laminarinase 89.22 
Total 
style and a-amylase + 
d. gland laminarinase 
M. galloprovincialis 
style a-amylase 125.10 
laminarinase 62.10 
Total 
d. gland a-amylase 88.78 
laminarinase 41.59 
Total 
style and a-amylase + 
d. gland laminarinase 
P. perna 
Style a-amylase 165.17 
laminarinase 75.56 
Total 
d. gland a-amylase 29.24 
laminarinase 17.36 
Total 
style and a-amylase + 
d. gland laminarinase 
A. ater 
style a-amylase 35,35. 
laminarinase 36.23 
Total 
d. gland a-amylase 20.76 
laminarinase 47.35 
Total 
style and a-amylase + 
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an independent comparison of total saccharogenesis, the 
saccharogenic potential at 15°c of the crystalline style and 
digestive gland homogenates is also shown in Table 21. The 
agreement between the two estimates of total saccharogenesis 
is reasonable, al though there appears to be some loss in 
enzyme activity during elution through the column. 
In crystalline style eluates saccharogenesis per unit total 
protein at 150c of M. galloprovincialis and P. perna was 
10,51 mg maltose.mg protein-1 .h-l and 10,54 mg maltose.mg 
protein-1 .h-l respectively, which was considerably greater 
than that of 
protein-1 .h-1 ) 
c. meridionalis 
and A. ater 
(6,54 mg maltose.mg 
(4,62 mg maltose.mg 
protein-1 .h-1 ). M. galloprovincialis and P. perna are found 
in the mid intertidal zone while c. meridionalis and A. ater 
are restricted to the low intertidal and subtidal areas. 
More rapid saccharogenesis would compensate for the reduced 
feeding times available in the mid intertidal zone, enabling 
the first two species to penetrate higher into the intertidal 
area. 
In digestive gland eluates of C. meridionalis, 
M. galloprovincialis and A. ater, saccharogenesis per unit 
total protein ranged between 6,54 and 7,22 
mg maltose.mg protein-1 .h-l, while that of P. perna was 
4,18 mg maltose.mg protein-1 .h-1 • In the homogenates used for 
rate-temperature experiments, digestive gland saccharogenesis 
of the former three species was approximately twice that of 
157 
P. perna (Table 21). Thus in the west coast mussels, enzyme 
activity in the digestive gland plays a more important part 
in the digestive process than in the south coast P. perna, in 
which enzyme activity appears to be concentrated in the 
crystalline style. On the south coast the particulate load in 
the water column has a low organic and energy content 
(Griffiths, 1980b; Bayne et al., 1984) and is dominated by 
phytoplankton rather than detrital matter. On the west coast 
the particulate fraction has a higher organic content and is 
comprised largely of a detrital component (Stuart, 1982; 
Bayne et al., 1984; see Chapters I and II). Phytoplankton is 
likely to be more easily digested than refractory detri tal 
material, which may need to be extensively processed in the 
digestive gland tubules for more complete hydrolysis. The 
difference in digestive gland enzyme activity between 
P. perna and the west coast mussels may partly explain why 
P. perna has not been able to colonize the west coast, where 
kelp beds are an integral part of the ecosystem. 
The proportion of total saccharogenesis resulting from 
a-amylase and laminarinase activity at 1s 0c is also of 
interest (Table 21). It is evident that in eluates of style 
proteins of C. meridionalis and A. ater, which are associated 
with the kelp beds, laminarinase activity accounted for 57% 
of total style saccharogenesis. In eluates of style proteins 
of M. galloprovincialis and P. perna, which are not found in 
the kelp beds, laminarinase activity accounted for 
approximately 38% of total saccharogenesis. In digestive 
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gland eluates of A. ater, laminarinase activity accounted for 
almost 70% of total saccharogenesis (Table 21). Although 
changing gut and style pHs will have an effect on these 
proportions (Fielding, unpublished data), there nevertheless 
appears to be some specialization for a laminarin diet in the 
kelp bed mussels. 
Carbon budget and style turnover times 
An estimate of the potential ability of crystalline style and 
digestive gland enzyme activity to meet the carbon 
requirements of the mussels may be made from the data in 
Table 21, provided the total protein in the styles and 
digestive glands of the species is known. The styles and 
digestive gland material from ten 60 mm (± 2 mm) shell length 
mussels of each species were individually removed and the 
protein content determined. These data are shown in Table 
22. Saccharogenic activity of style and digestive gland 
eluates at 1s0 c was converted to total potential maltose 
production using mean style and digestive gland protein 
contents and is shown in Table 23. Potential carbon 
production was then calculated on the basis of a 42% carbon 
content of maltose. 
Carbon requirements for the animals were calculated from 
respiration rates. Routine respiration rates for 60 mm shell 
length mussels were obtained from Griffiths (1980a) for 
c. meridionalis, Griffiths and King (1979a) for A. ater, and 
Berry and Schleyer (1983) for P. perna. There are no data for 
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TABLE 22 
Total protein content (± SD) in the crystalline styles and 
digestive glands of c. meridionalis, ·M. galloprovincialis, 








5,48 (± 0,50) 
6,34 (± 0,69) 
4,47 (± 1,18) 
4,09 (+ 0,99) 
Digestive gland 
protein (mg) 
40,00 (± 8,62) 
52,11 (± 5,86) 
23,15 (± 4,60) 
40,87 (+ 7,32) 
From y = 0,025 + 0,00097x (r = 0,99, n = 8) where y is the 
absorption at 660 nm and x is the ~rotein concentration in 
ug.ml- , using bovine serum albumin as a standard (Lowry 
et al., 1951). 
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TABLE 23 
Potential carbon production by style and digestive gland eluates of C. meridionalis. 
0 
M. galloprovincialis. P. perna and A. ater. -Saccharogenesis at 15 C was converted to total carbon 
using style and digestive gland protein estimates from Table 21. Routine respiration rates of 60 mm 
mussels were obtained from Griffiths (1980a) for C. meridionalis. Griffiths and King (1979a) for 
A. ater and Berry and Schleyer (1983) for P. perna. An estimate based on values of Bayne et al. 
(1984) was made for M. galloprovincialis respiration. Respiration rates from the literature were 
0 
adjusted to respiration rates at 15 C assuming a temperature coefficient of 2,36 (Miller. quoted by 
Berry and Schleyer. 1983). Respiration rates were multiplied by a factor of 2 to allow for growth 
(Bayne and Newell, 1983) and carbon requirements were calculated using a conversion factor of 










d. gland 7.22 
M. galloprovincialis 
Style 10.51 
d. gland 7.06 
P. perna 
Style 10.54 
d. gland 4.18 
A. ater 
Style 4.62 
d. gland 6.54 
* -1 • -1 
Protein mg maltose.h mg C.h 
~nt~t (N 
mg 
5.48 42.42 17.82 
40.00 188.80 121.30 
Total 139.12 
6,34 66.63 27.98 
52.11 367.90 154,52 
Total 182.50 
4.47 47.11 19.79 
23.15 96,76 40.64 
Total 60,43 
4.09 18.99 7.94 







































• ~: Carbon production.h-l assumes that the entire style and digestive gland hydrolytic 
capacity is used at once. 
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respiration rates of M. galloprovincialis. Bayne et al. 
(1984) describe respiration rates of P. perna from Blouberg 
Strand. Since this species is rarely found in this area and 
M. galloprovincialis has been mistakenly identified as 
P. perna on the west coast for many years (Grant et al., 
1984), there is a good chance that the data of Bayne et al., 
(1984) refer to M. galloprovincialis. Thus an estimate of 
the routine oxygen requirements of a 60 mm shell length 
M. galloprovincialis was made from Bayne et al. , ( 1984) • In 
Table 23 respiration rates from the literature were corrected 
to respiration rates at 150c assuming a temperature 
coefficient of 2, 36 (Miller, quoted by Berry and Schleyer, 
1983; see also Bayne, 1976). 
Carbon requirements have been estimated from respiration 
rates multiplied by a factor of two to allow for growth 
(Bayne and Newell, 1983) and a respiratory quotient of 
1 ml o 2 = 0,530 mg C (Hawkins and Bayne, 1985). 
Table 23 shows that the total hydrolytic potential of the 
west coast mussels C. meridionalis, M. galloprovincialis and 
A. ater ranges between 120,20 mgC.h-l and 182,50 mgC.h-l 
while that of the south coast P. perna is very much lower 
-1 (60,43 mgC.h ). Bayne et al. ( 1984) have shown that the 
rate of food passage through the gut of mussels from the 
south and west coasts of South Africa is strikingly 
different. c. meridionalis and P. perna in False Bay have 
much longer gut retention times than C. meridionalis and 
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P. perna at Blouberg Strand. Bayne et al. (1984) postulate 
that in response to site specific differences in ration,· 
mussels may increase the volume capacity of the digestive 
system, whilst holding clearance rates constant, and so 
increase gut retention time and absorption efficiency. The 
energetic consequences of a decline in food quality may thus 
be modified. Although no comparison of digestive enzymes of 
C. meridionalis on both sides of the Cape Peninsula was made, 
Table 23 indicates that differences in gut retention time of 
different mussel species may be a result of differences in 
total potential hydrolytic capabilities of the mussels' 
digestive systems. C. meridionalis and M. galloprovincialis 
from Blouberg Strand can produce 139,12 mgC.h-1 and 
182,50 mgC.h-l respectively by the action of their digestive 
enzymes. Digestive enzymes of 
-1 60,43 mgC.h . Thus hydrolysis 
P. perna can produce 
of food . would take 
considerably longer in P. perna and a longer gut retention 
time would be expected. 
It must be noted that in Table 2 3, the potential carbon 
production is calculated on the basis of the entire style and 
digestive gland being used at once, and this explains why 
carbon production greatly exceeds carbon demand. The rate of 
carbon production really depends on the rate of enzyme 
protein production. However, this is not known and instead 
the style turnover times required to release sufficient 
maltose to meet the carbon requirements of the animals are 
shown, as well as the number of hours for which hydrolysis by 
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digestive gland enzymes could satisfy the animals' carbon 
' 
requirements. Predicted style turnover times of 41 h and 
111 h for c. meridionalis and P. perna respectively are in 
reasonable agreement with turnover times of approximately 
18 h and 72 h measured by Seiderer et a1. ( 1982) . Style 
turnover times for M. galloprovincialis ( 42 h) and A. ater 
(30 h) are similar to that of C. meridionalis. The longer 
turnover time for P. perna is a result of a high style 
saccharogenic activity and relatively low carbon requirements 
(Table 23). However Table 23 suggests that by virtue of the 
very much greater protein content of the digestive gland 
compared with the crystalline style, the importance of the 
digestive gland in the hydrolysis of food substrates may 
greatly exceed that of the style. Since hydrolysis by both 
the style and digestive gland enzymes is an integral part of 
the digestive process, it is likely that in practice style 
turnover times are very much longer than those estimated 
here, in which style enzymes alone must supply the carbon 
requirements of the animals. 
It is also evident that P. perna has both a low enzyme 
activity per unit total digestive gland protein 
(4,18 mg maltose.mg protein-1 .h-1 ) and approximately half the 
total digestive gland protein of the other mussel species 
(Tables 21 and 22. Potential carbon production by digestive 
gland enzymes of P. perna is 40,64 mgC.h-l compared with 
values ranging between 112,26 mgC.h-l and 154,52 mgC.h-l for 
the other species (Table 23). Thus in P. perna the style is 
I 
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required to play a relatively more important part in 
saccharogenesis than in C. meridionalis, M. galloprovincialis 
and A. ater, and turnover time may well be considerably 
shorter than in the three west coast mussels. 
The data in Table 23 may provide some explanation for the 
recent success of M. galloprovincialis in colonizing the west 
coast. Potential carbon production by style and digestive 
gland enzymes of this species is 182, 50 mgC.h-l while for 
c. meridionalis and A. ater values are 139,12 mgC.h-l and 
120,20 mgC.h-l respectively. Carbon requirements estimated 
for M. galloprovincialis in Table 23 are speculative. If they 
are in fact similar to those of c. meridionalis, 
M. galloprovincialis would be able to hydrolyse sufficent 
food for basic metabolic requirements considerably faster 
than c. meridionalis, which would give it a competitive 
advantage. Provided aerial respiration rates of the two 
species were similar, M. galloprovincialis would be able to 
colonize rocks higher up the intertidal zone, where feeding 
times are limited. The slow clearance rates of A. ater 
{Stuart, 1982; Bayne et al., 1984) are probably responsible 
for the lack of success of this species intertidally, since 
for similar sized animals potential carbon production 
{120,20 mg C.h-1) is not very different from that of 




P. perna is associated with a food source consisting mainly 
of phytoplankton on the south and east coasts, and has a high 
crystalline style saccharogenic potential (10,54 mg 
maltose.mg total protein-1 .h-1 ) compared with the west coast 
mussels C. meridionalis and A. ater, which have style 
hydrolytic potentials of 6,54 mg maltose.mg total 
protein-1 .h-l and 4,62 mg maltose.mg total protein-1 .h-l 
respectively (Table 21) . Saccharogenic potential of 
M. galloprovincialis style enzymes (10,51 mg maltose.mg 
total protein-1 .h-1 ) is very similar to that of P. perna. If 
a high style enzyme activity is necessary for the successful 
utilization of a principally phytoplankton diet, then 
M. galloprovincialis is well suited to colonize the south and 
east coasts. The high potential total carbon production by 
digestive gland enzymes, a high style enzyme activity per 
unit total protein, a considerable number of possible 
a-amylase isozymes in both the crystalline style and 
digestive gland proteins, and high temperature coefficients 
for style and digestive gland a-amylases, may all contribute 
to make M. galloprovincialis a very successful competitor 
both intertidally and subtidally on the South African 
coastline. P. perna may be prevented from colonizing the west 
coast by low digestive gland carbohydrase activities which 
limit its ability to utilize a largely detrital food source, 
while c. meridionalis and A. ater have carbohydrase 
activities well suited to hydrolyse the laminarin storage 
I 
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products of both the macrophytes and diatoms which occur in 
the kelp beds (Chapter II). However, in the coastal 
environment, mussel digestive polysaccharases are not usually 
required to hydrolyse a pure glycogen or· laminarin substrate, 
but are required to act on a generally refractory particulate 
food source. The action of these enzymes on natural detrital 




DIGESTION AND UTILISATION OF AVAILABLE RESOURCES BY 




in the previous two sections 
particulate resources are 
lead to the 
dominated by 
detrital material and that style and digestive gland enzymes 
can release a significant fraction of the mussels' energy 
by hydrolysis of commercial substrates. It requirements 
would seem also that the digestive gland may be more 
important than the crystalline style as a source of 
hydrolytic enzymes. Nevertheless two major problems emerge. 
Firstly, the analytical methods employed significantly 
influence the estimate of enzyme hydrolytic activity. 
Secondly, calculations of energy released by enzyme activity 
are complicated by uncertain estimates of rates of style and 
digestive gland enzyme release. 
However, tests on the digestibility of purified substrates 
are uncomplicated by biochemical components of detrital 
material such as polyphenols, tannins, silica-cellulose 
complexes (diatoms) and attached bacteria, which may 
interfere with or be resistant to the digestive enzymes of 
mussels. Detrital material is known to be dominated also by 
celluloses, which many organisms are largely unable to 
digest. Organisms have generally overcome this problem either 
by using bacteria to break down the cellulose for them in 
their digestive tracts (termites, ruminants), or the organism 
has consumed the bacteria. themselves as a significant energy 
resource, as Newell (1965) demonstrated in a classical study 
on the nutrition of the prosobranch mollusc Hydrobia ulvae. 
The following section examines the ability of mussel 
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digestive enzymes to release sufficient energy from the 
hydrolysis of natural particulate suspensions, and 
investigates also the contentious role of free, attached and 
gut bacteria in mussel nutrition. An attempt is also made to 
resolve one of the original hypotheses. Can the distribution 
of mussel species be ascribed to resource partitioning on the 




HYDROLYSIS OF ALGAL AND DETRITAL FOOD SUBSTRATES 
BY MUSSEL DIGESTIVE ENZYMES 
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INTRODUCTION 
Digestive enzymes in bivalves have been widely reported, and 
in South African mussels they have been investigated in some 
detail (Seiderer et al., 1982; see Chapter IV) . Data in 
Chapter IV have shown that hydrolysis of glycogen and 
laminarin substrates by digestive carbohydrases of 
C. meridionalis, M. galloprovincialis, P. perna and A. ater 
can supply the carbon requirements of these animals. 
However, food supplies in the natural environment are not of 
a pure commercially prepared nature. In living phytoplankton, 
carbohydrate storage products are locked inside cells which 
are often enclosed in a cellulose cell wall. Much of the 
< 200 um· particulate fraction in the water column of the 
South African west coast inshore area is of a detrital, 
refractory nature (Stuart, 1982; see Chapters I and II), and 
consists mainly of structural carbohydrates. 
The ability of mussels to utilize this particulate food 
source has been shown by the work of Griffiths (1980b), 
Stuart et al. (1982) and Berry and Schleyer (1983). In these 
studies, c. meridionalis, P. perna and A. ater have been 
shown to absorb 40-61% of the organic component of naturally 
occurring particulates. Before absorption can occur the 
complex polysaccharides cons ti tu ting such material must be 
broken down to component monomers by the activity of 
digestive enzymes. 
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Lucas and Newell (1984) showed that the 
Crassostrea virginica and Geukensia demissa 




sugars from naturally occurring detrital and salt marsh grass 
substrates, and suggested that approximately 40% of the 
carbon absorption requirements of C. virginica could be met 
by the utilisation of salt marsh grass detritus. However, 
the molecular weight of the reducing sugar used as a standard 
has a marked effect on the calibration curve and this affects 
the quantitative estimate of sugar release necessary for the 
calculation of energy budgets. The percentage of carbon 
requirements of C. virginica met by style enzyme hydrolysis 
of salt marsh grass particles may be closer to 13% (see 
Chapter III). However, digestive gland enzymes were not 
examined by Lucas and Newell (1984). The importance of the 
digestive gland in the hydrolysis of food substrates may 
greatly exceed that of the style (see Chapter IV). It is 
therefore of interest to see what in vitro reducing sugar 
release is possible by digestive enzymes of the mussels that 
colonise the South African coastline, given a substrate with 
which the digestive systems would have to contend in the 
natural environment. Reducing sugar release may then be 
compared with the carbon requirements of the animals. A 
comparison may also be made between style turnover times 
necessary to meet the carbon requirements of the animals 
given a naturally occurring substrate, and turnover times 
estimated from the release of reducing sugars from pure 
glycogen and laminarin. 
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Hydrolysis of the constituents of living phytoplankton cells 
may be easier than hydrolysis of the mainly structural 
carbohydrates in a detrital substrate. Thus it is also of 
interest to determine whether mussel digestive enzymes can 
lyse algal cells, since there is no information on the effect 
of digestive enzymes on living phytoplankton. 
The following work was carried out to determine the rates of 
hydrolysis of natural particulate material by mussel 
digestive enzymes and to examine the effect of these enzymes 
on different algal cells. The extent to which an analysis of 
hydrolytic rates of digestive enzymes can contribute to an 
understanding of the feeding ecology of these animals can 
then be assessed. 
MATERIALS AND METHODS 
Hydrolysis of natural detrital material 
Enzyme preparation 
Initially the release of reducing sugars from a variety of 
substrates by purified enzymes was investigated and compared 
with reducing sugar release by mussel crystalline style 
enzymes. Enzymes were -amylase from Bacillus subtilus 
(Sigma, bacterial crude type 3), laminarinase from 
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Penicillium species (Sigma, No. L-9259) and a composite 
cellulase from Aspergillus niger (Sigma, practical grade 2). 
Enzymes were prepared in 2 O mM phosphate buffer pH 6, 9, 
containing 150 mM NaCl, at concentrations of O, 125 mg. ml -l 
for a-amylase and laminarinase and 0,5 mg.ml-l for cellulase. 
C. meridionalis, M. galloprovincialis and A. ater were 
collected from the intertidal rocks at Blouberg strand on the 
west coast of South Africa, and P. perna were collected 
intertidally at Bailey's Cottage in False Bay. Solutions of 
mussel crystalline style and digestive gland enzymes were 
prepared in 20 mM phosphate buffer pH 6,9 containing 150 mM 
NaCl, as described in Chapter IV. Protein concentrations of 
enzyme solutions were determined by the method of Lowry 
et al. (1951) from the equation y = 0,035 + O,OOllx 
(r = 0,99, n = 7) where y is the optical density at 660 nm 
and x is the protein concentration in µg.ml- 1 , using bovine 
serum albumin as a standard. 
Substrate Preparation 
Commercial substrates were prepared in 20 mM phosphate buffer 
pH 6,9 containing 150 mM NaCl at the following 
concentrations: oyster glycogen (BDH NO. 38042) 1% w/v, 
laminarin (Sigma No. L9634) 0,4% w/v, carboxymethyl cellulose 
(CMC, BDH) 1% w/v, and alginic acid (Sigma, No. A7128) made 
up as sodium alginate 0,4% w/v. Naturally occurring 
substrates were made from kelp fronds and a phytoplankton/ 
detrital mixture centrifuged from sea water. Kelp frond tips 
were sliced from macrophytes at Oudekraal on the west coast 
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of the Cape Peninsula, and were lyophilised and then powdered 
with a mortar and pestle to pass through a 90 µm sieve. A 
phytoplankton/detrital concentrate, representing food very 
similar to that naturally available to filter -feeders, was 
obtained by backwashing a large aquarium pump filter 
(0,45 µm). Water pumped through the filter was taken 
directly from the sea from a site approximately 5 km north of 
Oudekraal. The concentrate was centrifuged at 9000 x g for 
10 minutes, resuspended in ammonium formate isotonic with sea 
water and centrifuged a further three times to remove NaCl. 
Thereafter, the detrital material was lyophilized and 
powdered to pass through a 90 µm sieve. Kelp and natural 
detri tal substrates were made up in phosphate buffer at a 
concentration of 2% w/v. 
Initial experiments with kelp and natural detrital substrates 
yielded high blank values, reaching 1,64% and 0,32% maltose 
equivalents by dry weight for kelp and natural detritus, 
respectively. Dialysis for 20 hours against 2000 volumes of 
chilled stirred phosphate buffer with one change, reduced 
kelp blank values by 48% and natural particulate detrital 
blank values by 27%. Kelp frond substrates were therefore 
dialysed before use in enzyme assays. Refluxing the natural 
particulate detritus with NaOH reduced blank values by 38% to 
o, 27% w/v maltose. However, refluxing this material as 
suggested by Lucas and Newell (1984), changes the nature of 
the substrate, reducing it to mainly cellulose and 
hemicellulose residues. Some experiments performed using 
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natural detritus were repeated using refluxed material. 
Particulate detrital material was refluxed at loo0 c in 100 ml 
50 mM NaOH for four hours, and the residue was resuspended, 
centrifuged and dried following the procedure of Lucas and 
Newell (1984). Thereafter it was powdered to pass through a 
90 µm sieve·· and a 2% solution made up in phosphate buffer. 
Reducing Sugar Assays 
Assays for reducing sugars released by enzyme action on 
substrates were conducted according to the method of Nelson 
( 1944) modified by Somogyi ( 1952) , as described in Chapter 
III. However, assays were conducted at 12,5°c since this is 
close to the mean summer temperature of the west coa~t 
inshore waters (see Chapter I), and the incubation period was 
. 
10 minutes. Reducing sugar release was calculated from the 
equation y = 0,02 + 6,24x (r = 0,99, n = 5) where y is the 
absorbance at 
concentration in 
660 nm and 
-1 mg.ml , 
x 
using 
is the reducing sugar 
maltose as a standard. 
Enzyme and substrate blanks were subtracted from experimental 
values and all data given in the results are the mean of 
triplicate readings. 
The rate of release of reducing sugars from kelp and natural 
detrital substrates by both microbial and crystalline style 
enzymes was very low, so a series of rate-time and rate-
temperature enzyme assays, using natural detrital substrate, 
were undertaken. For these experiments, bacterial a-amylase 
and cellulase concentrations were increased to -1 1 mg.ml , 
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while laminarinase solutions were maintained at 0,125 mg.ml-l 
because of a lack of sufficient enzyme. Reducing sugar assays 
were also carried out with cellulase enzyme solutions of 
2 mg.ml-l and 10 mg.ml-1 • Protein concentrations of mussel 
style enzyme solutions were increased to between 1, 062 and 
3,673 mg protein.ml-1 , while concentrations of digestive 
gland enzyme solutions ranged between 0,117 mg protein.ml-l 
and O, 687 mg protein. ml -l. The release of reducing sugars 
from natural particulate detritus by microbial enzymes, 
mussel crystalline style and digestive gland enzymes were 
measured as described above, over periods of between 
2 minutes and 120 minutes, and the release of reducing sugars 
from the same substrates by bacterial enzymes and style 
enzymes was measured between temperatures of s 0 c and 4o0 c. 
Rate-time assays were conducted at 12,5°c. Rate-temperature 
assays had incubation periods of 10 minutes. 
Extended incubation times and elevated temperatures did 
little to increase reducing sugar release from a natural 
detrital substrate. To test the possibility that other 
enzymes in the digestive system may play a role in the 
hydrolysis of this substrate, the entire digestive system 
comprising oesophagus, stomach, crystalline style and sac, 
digestive gland and lower intestine, was dissected from five 
' M. galloprovincialis freshly collected from Blouberg Strand. 
The digestive systems were homogenised together in 65 ml 
phosphate buffer, centrifuged at 30000 x g for 60 minutes and 
dialysed against 3 000 volumes of chilled stirred phosphate 
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buffer for 20 hours. The reducing sugar release from natural 
particulate detrital material (2% w/v) by the resultant 
enzyme solution was measured at 2s0 c for incubation periods 
of between 2 minutes and 120 minutes. 
The release of reducing sugars over time by style enzyme 
solutions of C. meridionalis, M. galloprovincialis, P. perna 
and A. ater prepared as previously described, from refluxed 
natural particulate detri tal material, was also measured by 
the Nelson-Somogyi method. Incubation temperature was 12,s0 c. 
Action of enzymes on phytoplankton 
Two diatom species, Chaetoceros gracilis and Thallassiosira 
' 
weissflogii, -and two flagellates, Tetraselmis suecica and 
Dunaliella primolecta, were selected for examination of the 
effect of digestive enzymes on living algal cells. 
Chaetoceros and Thallassiosira species occur frequently in 
the west coast phytoplankton assemblages (Barlow, 1982; 
Probyn, 1985) while Tetraselmis and Dunaliella species 
possess thip cell walls and have often been used to measure 
bivalve absorption efficiencies (see Winter, 1978; Griffiths 
and King, 1979a; Griffiths, 1980a) . A preliminary 
microscopic examination of the gut contents of 
c. meridionalis and M. galloprovincialis, which were first 
starved in filtered sea water and then fed these algae, 
showed that in the mussel gut, a rapid leaching of 
chlorophyll from the cell and distortion of cell shape 
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occurred. Thus changes in the numbers of undamaged cells in 
an algal-enzyme incubation were assessed using a standard 
light microscope and a magnification of 400X 
Enzyme preparation 
c. meridionalis and M. galloprovincfalis style and digestive 
gl.and extracts with protein concentrations of 5 mg .m1-l were 
prepared in 20 mM phosphate buffer pH 6,9, containing 150 mM 
NaCl as described in Chapter IV. Similar digestive enzyme 
extracts were prepared in 0,2 µm filtered sea water pH 8,0, 
and 0,2 µm filtered sea water in which the pH was lowered to 
6,5 with 0,01 M HCl. Cellulase extracts (Aspergillus niger, 
1 mg.ml-1 ) were prepared in phosphate buffer, sea water 
pH 8,0 and sea water pH 6,6. 
Algal incubations 
Aliquots of actively growing unialgal cultures of 
Chaetoceros, Tetraselmis, Thallassiosira and Dunaliella were 
centrifuged (3000 x g for 10 minutes) and pellets were 
resuspended in phosphate buff er, O, 2 µm filtered sea water 
pH 8,0 and 0,2 µm filtered sea water pH 6,5. Exactly 500 µl 
of algal suspension was mixed with 500 ul of the appropriate 
enzyme extract for a final cell concentration of 
approximately 5 x 106 cells.ml-l for Chaetoceros, Tetraselmis 
and Dunaliella, and 1,75 x 106 cells.ml-l for Thallassiosira. 
Incubations were shaken for 8 hours at 20° c. Control 
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incubations consisted of algae resuspended in 1 ml sea water 
pH 8,0. 
Counting procedure 
Immediately after mixing of the algal suspension and enzyme 
extract, and then again after 8 hours, the numbers of normal 
cells in an incubation were quantitatively assessed using a 
haemocytometer cell with improved Neubauer rulings. A 
minimum number of 400 cells were counted (in at least 18 
fields) for Chaetoceros, Tetraselmis and Dunaliella. For 
Thallassiosira, a minimum of 50 fields were counted because 
of the lower cell concentrations. This was shown to reduce 
the standard error of the mean to less than 5 % (Figure 30). 
Numbers of normal cells at the start and end of the 
incubation were compared using a Students t-test. x2 tests 
for randomness of cell distribution in the haemocytometer 
cell were conducted on five data sets for each algal species, 
using the method of Lund et al. (1958). 
RESULTS 
Hydrolysis of natural detrital material 
The release of reducing sugars from a series of commercial 
and natural substrates by both microbial enzymes and mussel 
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percentage of the mean, and the number of algal 




Release of reducing sugars from different substrates by et-amylase (0,125 mg.ml-1 ), 
laminarinase (0,125 mg.ml-1 ), cellulase (0,5 mg.ml-1 ), and style extract of four mussel 
species. Substrate concentrations were 1% wLv for glycogen and CMC, 0,4% w/v for laminarin 
and sodium alginate and 2% w/.v for kelp and natural detritus. Values represent reducing 
sugars released after 10 min incubation at 12,5°C and are expressed as 
mg maltose.mg enzyme-1 .h-~ for lt'-amylase, laminarinase and cellulase, and 
mg maltose.mg style prote1n-1 .h-1 for mussel style extracts. 
Enzyme Substrate 
Glycogen Laminar in CMC Alginate Natural Kelp 
Detritus 
(}'-amylase 9,285 0,108 0,161 0,081 0,012 0,054 
Laminarinase 0,088 3,233 0,169 0,088 0,014 0,074 
Cellulase 0,673 0,090 0,049 0,023 0,007 0,055 
C. meridionalis style 3,276 0,846 0,014 0,004 0,009 0,014 
M. galloprovincialis style 3,654 0,884 0,043 0,021 0,014 0,007 
P. perna style 4,902 1,434 0,028 0,001 0,003 0,013 
A. ater style 1,674 1,044 0,032 0,013 0,004 0,013 
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microbial enzymes hydrolysed all four commercial substrates 
to some degree, but rates of hydrolysis of glycogen and 
laminarin were considerably higher that those of CMC and 
sodium alginate, which are similar to structural 
polysaccarides. Mussel style enzymes also hydrolysed 
glycogen and laminarin very much more rapidly than CMC and 
sodium alginate. Style enzyme hydrolysis of these latter two 
substrates ranged between 0,001 mg maltose.mg protein-1 .h-1 
and · 0,043 mg maltose.mg protein-1 .h-1 , 





4,902 mg maltose.mg protein-1 .h-l and 1,434 mg maltose. 
mg protein-1 .h-1 , respectively. It is of interest that 
microbial enzymes were not entirely substrate specific, and. 
reducing sugars were released by a-amylase from both 
laminarin and CMC, by laminarinase from glycogen and CMC and 
by cellulase from glycogen and laminarin. Thus in a 
homogenate of mussel crystalline styles, in which a number of 
enzymes occur simultaneously, up to 8% of the reducing sugars 
considered to result from a-amylase activity on glycogen, may 
be a result of reducing sugar release by laminarinase and 
cellulase enzymes from glycogen. Six percent of total 
reducing sugar release from laminar in may be a result of 
a-amylase and cellulase hydrolysis of the substrate. This 
factor assumes some importance when reducing sugar release 
from CMC is considered, since laminarinase and a-amylase each 
liberate approximately three times more reducing sugar from 
CMC than cellulase, and together account for 87% of the total 
reducing sugar release by the three enzymes. 
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Rates of reducing sugar release by all enzyme preparation.s 
from natural substrates were very low. Microbial enzymes 
liberated between 0,007 mg maltose.mg enzyme-1 .h-l and 
0,014 mg maltose.mg enzyme-1 .h-l from a natural detrital 
substrate, and between O, 054 mg maltose.mg enzyme-1 .h-l and,. 
0,074 mg maltose.mg enzyme-1 .h-l from kelp particles (Table 
24) • Laminarinase had the highest rate of reducing sugar 
release from kelp {0,074 mg maltose.mg enzyme-1 .h-1 ), but 
rates of hydrolysis of natural detritus were very similar for 
a-amylase, cellulase and laminarinase. Mussel style enzymes 
had rates of reducing sugar release fro~ both detrital and 
kelp particles that did not exceed 
0,014 mg malt~se.mg protein-1 .h-1 , and rates of hydrolysis of 
both kelp and detritus were very similar. Thus, at 
environmental temperatures, natural detrital and kelp 
particulate material is not readily hydrolysed by mussel 
style enzymes. 
Gut retention time of the mussels varies between 1, 40 hours 
and 8,34 hours and may depend on ration (Bayne et al., 1984) 
and the potential hydrolytic capabilities of the digestive 
system (Chapter IV). Extended incubation times might be 
expected to provide greater reducing sugar release. The 
results of microbial enzyme incubations with natural detrital 
substrates for up to 12 O minutes are shown in Table 2 5. In 
spite of an increase in microbial enzyme· concentrations to 
1 mg enzyme.ml -l for a-amylase and cellulase, there was no 
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TABLE 25 
Release of reducing sugars (mg maltose.mg enzyme-1 ) as a function of incubation time (min) 
at 12,5°C by 1 mg.ml-1 CY-amylase and celiulase, and 0,125 mg.m1-1 laminarinase from natural 
detrital material (2% wfv). Reducing sugar release by cellulase enzyme at concentrations of 
2 mg.m1-1 and 10 mg.ml- is also shown. 
Enzyme Time (mins) 
2 5 8 12 15 20 30 60 90 120 
a-amylase 0,019 0,013 0,023 0,011 0,020 0,011 0,021 0,021 0,014 0,024 
Laminarinase 0,000 0,029 0,038 0,028 0,038 0,031 
Cellulase 0,006 0,006 0,002 0,001 0,001 0,001 
Cellulase 2 mg.m1-1 0,003 0,003 0,002 0,001 
Cellulase 10 mg.m1-1 0,001 0,001 0,001 0,001 
186 
readily identifiable increase in reducing sugar release with 
time. Microbial cellulase concentrations of 2 mg enzyme.·m1-l 
and 10 mg enzyme.ml-l released a maximum of 
0,003 mg maltose.mg enzyme-1 .h-l in incubation periods of 
between 30 minutes and 120 minutes. 
Rates of reducing sugar release by mussel crystalline style 
and digestive gland enzymes from a natural detrital substrate 
are shown in Table 26. Style enzymes of C. meridional is 
released 0,022 mg maltose.mg protein-1 in 120 minutes, while 
those of M. galloprovincialis, P. perna and A. ater release 
approximately o, 004 mg maltose. mg protein-1 over the same 
time period. Release of reducing sugars by digestive gland 
enzymes was · greater and ranged between 
0,024 mg maltose.mg protein-1 and 0,064 mg maltose. 
mg protein-1 after 120 minutes. After 120 minutes, 
digestive gland enzymes of A. ater, which is the dominan~ 
bivalve in the kelp bed systems off the west coast of South 
Africa, had released approximately twice as much reducing 
sugar (O, 064 mg maltose.mg protein-1 as the other three 
mussel species, whose reducing sugar release by digestive 
gland enzymes was very similar (between 
0,024 mg maltose.mg protein-1 and 0,032 mg maltose. 
mg protein-1 for the same time period. Experimental 
increases in substrate concentrations did not increase rates 
of reducing sugar release in the incubations. Hydrolysis of 
a natural detrital substrate by a whole digestive system 




Release of reducing sugars (mg maltose.mg protein ) from natural detrital material 
(2% w/v) by style and digestive gland extracts of four mussel species. as a function of 
0 
incubation time (min) at 12.5 C. Reducing sugar release by an extract of whole digestive 
0 
system of M. galloprovincialis at a temperature of 25 C is also shown. 
0 
Enzyme T C Time 
2 5 8 12 15 20 60 90 120 
c. meridionalis 12,5 
style 0,004 0.012 0,008 0,006 0.010 0.010 0.002 0.012 0.022 
digestive gland 0.018 0,004 0.028 0.026 0,024 0,024 
M. galloprovincialis 12.5 
style 0,000 0,002 0,002 0,002 0,002 0.002 0,004 0,002 0,004 
digestive gland o.ooo 0.002 0,004 0,008 0.024 0.038 0.026 0.024 0.032 
P. perna 12,5 
style 0,002 0,002 0,004 0.006 0,004 0.002 0,004 0,004 0.004 
digestive gland 0,002 0.011 0,006 0.010 0.016 0.012 0.020 0.024 0.024 
A. ater 12.5 
style 0,002 0.002 0,006 0.006 0.006 0,008 0,006 0,006 0.004 
digestive gland 0,009 0,018 0.014 0,017 0.029 0,014 0.028 0.045 0.064 
M. galloprovincialis 25 
whole digestive 0,004 0,006 0,006 0.004 0.006 0,006 0,002 0,002 
system 
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minutes did not exceed 0,006 mg maltose.mg protein-1 
2 6) • 
(Table 
Rates of reducing sugar release by both microbial enzymes and 
crystalline style enzymes generally increased slightly with 
temperature (Table 27) . A maximum rate of 
0,033 mg maltose.mg enzyme-1 .h-l was reached at 40°c by 
a-amylase, while for laminarinase and cellulase, values 
increased from approximately 0,010 mg maltose.mg enzyme-1 .h-l 
at s 0 c to approximately 0,020 mg maltose.mg enzyme-1 .h-l at 
40°c. Mussel style enzymes showed a similar pattern, with 
hydrolysis rates of 0,004 - 0,006 mg maltose.mg protein-1 .h-l 
at s 0 c, and 0,014-0,020 mg maltose.mg protein-1 .h-l at 4o 0 c. 
In the west coast environmental temperature range of 
approximately 10°c to 1s0 c (see Chapter I), rates of reducing 
sugar release by crystalline style enzymes ranged between 
0,008 mg maltose.mg protein-1 .h-l 
mg protein-1 .h-1 . 
and 0,014 mg maltose. 
Rates of reducing sugar release by mussel style enzymes from 
refluxed natural detrital material are shown in Table 28. 
Rates were very similar to those shown in Table 26 for 
material that had not been refluxed, and did not exceed 0,006 
mg maltose.mg protein-1 after a 20 minute incubation. 
Action of enzymes on phytoplankton 
x2 tests showed that algal cells were randomly distributed 
throughout the haemocytometer cell (p < 0,05). Significant 
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TABLE 27 
Release of reducing sugars from natural detrital mateial (2% w/v) as a function of 
temperature by a-amylase (1 mg.ml-1 ), laminarinase (0,125 mg.ml-1 ) and style extract of 
four mussel species. Values represent reducing sugars released after 10 min inacubation 
and are expressed as mg.maltose.mg enzyme-1 .h-1 forll'·amylase, laminarinase and cellulase, 
and mg.maltose.mg prote1n-1 .h-1 for sty1e extracts 
Enzyme Temperature 0c 
5 10 15 20 25 30 35 40 
a-amylase 0,021 0,014 0,024 0,023 0,021 0,032 0,026 0,033 
Laminarinase 0,010 0,013 0,013 0,017 0,014 0,016 0,017 0,018 
Cellulase 0,012 0,016 0,011 0,017 0,024 0,012 0,025 0,023 
C. meridionalis style 0,005 0,012 0,012 0,012 0,012 0,012 0,014 0,016 
M. galloprovincialis style 0,004 0,008 0,014 0,012 0,012 0,014 0,014 0,020 
P. perna style 0,006 0,014 0,014 0,016 0,015 0,020 0,016 0,014 
A. ater style 0,006 0,012 0,010 0,022 0,030 0,016 0,022 0,016 
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TABLE 28 
Release of reducing sugars (mg.maltose.mg protein-1 ) as a function of incubation time (min) 
at 12,5°C from refluxed (0,05 M NaOH for four hours) natural detrital material (2% w/v) by 
style extracts of four mussel species. 
Enzyme extract Time (mins) 
2 5 8 12 15 20 
C. meridionalis style 0,004 0,006 0,004 0,006 0,004 0,004 
M. galloprovincialis style 0,002 0,004 0,004 0,006 0,006 0,006 ' 
P. perna style 0,002 0,006 0,004 0,004 0,006 0,006 
A. ater style 0,004 0,004 0,004 0,004 0,004 0,004 
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differences in the numbers of normal cells after incubations 
with various enzyme extracts are shown in Table 2 9. In 
phosphate buffer extracts, style and digestive gland enzymes 
of - both c. meridionalis and M. galloprovincialis alter the 
appearance of Chaetoceros, Tetraselmis and Thallassiosira. 
Pigments were leached from the cell (see Figure 31) but there 
was no evident cell breakdown. Cellulase in phosph~te buffer 
solutions also leached pigments from Chaetoceros and 
Thallassiosira. Dunaliella was affected only by 
M. galloprovincialis style enzyme solutions (Table 29), cells 
being immobilized and changing their shape and colour (see 
Figure 31 C and F). In all other experimental solutions, it 
was necessary to immobilize Dunaliella cells for counting 
purposes by adding 4 µl of 25 % gluteraldehyde to 250 µl of 
suspension. 
Conditions in the bivalve gut are likely to be similar to 
extracts of enzymes in sea water rather than phosphate 
buffer, with stomach pHs ranging from 5,5 to 7,2 (Langton and 
Gabbott, 1974; Mathers, 1974; Langton, 1977). Compared with 
digestive enzymes in phosphate buffer, Table 29 shows that 
the effect of style and digestive gland extracts in sea water 
of pHs 8,0 and 6,5 was considerably reduced. Style extracts 
in sea water had no 'effect on any of the algae, and 
Tetraselmis and Dunaliella both required immobilization with 
gluteraldehyde before counting. Digestive gland extracts of 
both mussel species leached pigments from Thallassiosira, and 
M. galloprovincialis digestive gland extracts similarly 
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TABLE 29 
Significant differences (T-test p < 0,05) in normal cell counts of four algal species after 8 
0 
hours incubation at 20 C in various enzyme solutions. Significant differences are marked with 
a +. 
Treatment 
C. meridionalis styles in 
buffer pH 7.0 
C. meridionalis styles in 
sea water pH 6,5 
C. meridionalis styles in 
sea water pH 8.0 
Control 
M. galloprovincialis styles 
in buffer pH 7,0 
M. galloprovincialis styles 
in sea water pH 6,5 
M. galloprovincialis styles 
in sea water pH 8.0 
Control 
C. meridionalis d.gland in 
buffer pH 7,0 
C. meridionalis d.gland in 
sea water pH 6.5 
C. meridionalis d.gland in 
sea water pH 8.0 
Control 
M. galloprovincialis d.gland 
in buffer pH 7.0 
M. galloprovincialis d.gland 
in sea water pH 6,5 
M. galloprovincialis d.gland 
in sea water pH 8.0 
Control 
-1 
Cellulase 1 mg.ml in 
P. buffer pH 7,0 
-1 
Cellulase·l mg.ml in 
sea water pH 6,5 
-·l 
Cellulase 1 mg.ml in 
sea water pH 8.0 
Control 
Phosphate buffer ph 7.0 
Sea water pH 5,5 
Sea water pH 6,5 
Sea water pH 8.0 
Chaetoceros Tetraselmis Thallassiosira Dunaliella 
gracilus suecica weisfloggi primolecta 
+ + + 
+ + + + 
+ + + 
+ 
+ 






A Normal Thallassiosira cells. 
B Normal Tetraselmis cells 
C Normal Dunaliella cells 
D Thallassiosira cells showing typical leaching of pigments 
from the cell after 8 h incubation in C. meridionalis and 
M. galloprovincialis style and digestive gland enzymes. 
E Tetraselmis cells showing typical leaching of pigments 
from the cell after 8 h incubation in c. meridionalis and 
M. galloprovincialis style and digestive gland enzymes. 
F Dunaliella cells after 8 h incubation in 
M. galloprovincialis style extract. Cells lose colour and 
changes in cell shape have occurred. 
G Thallassiosira cells 30 min after ingestion by 




Tetraselmis cells 30 min after ingestion by 
M. galloprovincialis. Cell contents have been leached out 
and cells are starting to break down. 
Dunaliella cells 30 min after ingestion by 






affected Chaetoceros cells. Diatom species therefore appear 
to be more susceptible to the effects of enzyme activity than 
the flagellates. Cellulase in sea water had no effect on any 
of the algal cells (Table 29). Phosphate buffer alone caused 
slight leaching of pigments from Thallassiosira and 
Chaetoceros, while sea water with pHs ranging from 5,5 to 8,0 
did not affect any of the cells. 
Starved M. galloprovincialis were allowed to feed on the 
different cell types for 15 minutes and were then transfered 
to filtered sea water. Thirty minutes after the commencement 
of feeding, algal cells were photographed from gut smears and 
are shown in Figure 31 G, H and I. In in vitro incubations 
pigments were leached from cells and Chaetoceros cells became 
difficult to count, but even after 8 hours no cell breakdown 
was ever observed (Figure 31 D, E and F). However, after a 
maximum of 30 minutes in the mussel gut, cells were starting 
to break down and sometimes had lost their contents (Figure 
31 G, Hand I). 
DISCUSSION 
Hydrolysis of natural detrital material 
The results presented in Table 24 show that although mussel 
crystalline style enzymes can readily release reducing sugars 
from purified commercial substrates at environmental 
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temperatures, hydrolysis of naturally occurring kelp and 
detrital particulate material I was very slow. Microbial 
a-amylase, laminarinase and cellulase enzymes also hydrolysed 
these latter substrates slowly. Both style and microbial 
enzymes were able to hydrolyse kelp particulate matter more 
rapidly than detrital particles collected from the water 
column. Hydrolysis of natural particulate material by all 
enzyme preparations was not significantly increased by 
extended incubation periods and only very slightly by 
elevated temperatures (Tables 25, 26 and 27). Style enzyme 
hydrolysis rates of refluxed material consisting mainly of 
structural carbohydrates (Table 28) , were very similar to 
rates of hydrolyis of non-refluxed material (Table 26). 
Provided that the total protein in the style and digestive 
gland of the different mussel species is known, an estimate 
of the contribution digestive enzyme hydrolysis of natural 
detritus might make to the mussels' carbon budget can be made 
from the data. Total protein in the crystalline style and 
digestive gland of each of ten 60 mm shell length mussels of 
each species was measured according to the method of 
Lowry et al. (1951) and is shown in Table 30. Rates of 
reducing sugar release at 12,5°c were taken from Table 24 for 
kelp and from Table 26 for detrital material. On the basis of 
a 42% carbon content for maltose, carbon production from kelp 
particulate matter by style enzymes, and from natural 
detrital material by style and digestive gland enzymes, is 
shown in Table 31. Carbon requirements of the mussels were 
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TABLE 30 
Total protei~ c9nt~nt (+SD) in the crystalline styles and digestive glands of C. meridionalis, 
M. galloprov1nc1al1s, P~ perna and A. ater of 60 mm (~ 2 mm) shell length. 
Mussel Crystalline style protein Digestive gland protein 
C. meridionalis 5,48 (~ 0,05) 40,00 (+ 8,62) 
M. galloprovincialis 6,34 (~ 0!69) 52,11 (+ 5,86) 
P. perna 4,47 (~ 1,18) 23,15 (+ 4,60) 
A. ater 4,09 (~ 0,99) 40,87 (+ 7,32) 
TABLE 31: Potential carbon production from kelp and detrital substrates by style and digestive gland homogenates of C. meridional is 
M. ~alloprovincialis, P. perna and A. ater. Saccharogenesis at 12,5°C was converted to total carbon using total style and digestive gland protei~ 
estimates from Table JO. Respiration rates of 60 mm mussels were obtained from Griffiths (lg80) for C. meridionalis, Griffiths and King (1979) for 
A. ater and Berry and Schleyer (1983) for P. perna. An estimate based on values of Bayne et al. (1984) for P. perna on the west coast was made for 
M. galloprovincialis respiration. Respiration rates were multiplied by a_ factor of 2 to allow for growth (Bayne and Newell, 1983) and carbon 
requirements were determined using a conversion of 1 ml 02 = 0,530 mgC (Hawkins and Bayne, 1985). The percentage carbon requirements met by style and 
digestive gland hydrolysis of kelp and detrital substrates is shown, as well as the number of times per hour style and digestive gland protein would 
need to turn over to meet these requirements. 
Enzyme I Saccharogenesis at 12,rc I Protein content I mg Carbon.h-1 I Respiration I Carbon re- I% C require- I Style and digestive gland I 
I mg maltose mg protein. - h-1 I (mg) I I at 12, 5°C I qui rements I men ts met by I protein turnover.h-1 to I 
I I I I (ul 02.h-l) I (mg C.h-1) I style and I support carbon require- I 
I I I I I I digestive gland I ments I 
I I I I I I hydrolysis I I 
I kelp detritus I I kelp I detritus I I kelp I detritus I kelp detritus I 
I I I I I I I I I 
I I I I I I 
C. meridionalis I I I I I I 
I I I I I I 
style I 0,084 0,002 I 5,48 0,193 I 0,005 I I 58 I 2 2 67 
I I I 314 I 0,333 I I 
digestive gland I 0,026 I 40,00 I 0,437 I I I 131 0,76 
I I I I I 
I I I I I 
I I I I I 
M. 9allo- I I I I 
prov1nc1a1is I I I I 
I I I I 
style 0,042 0,004 I 6,34 0,112 I 0,011 I 22 I 2 5 47 
I I 486 0,515 I I 
I digestive g 1 and 0,026 I 52, ll I 0,569 ~ I 110 0,91 
I I I I I 
I I I I I 
I I I I I 
IP. perna I I I I 
I I I I 
style 0,078 0,004 I 4,47 o,146 I 0,008 I 101 I 6 1 18 
I I 136 0,144 I I 
digestive gland 0,020 I 23,15 I 0,194 I I 135 0,74 
I I I I 
I I I I 
I I I I 
A. ater I I I I 
I I I I I 
style 0,078 0,006 I 4,09 I 0,134 I 0,010 I 66 I 5 2 20 
I I I 192 0,204 I I 





calculated from routine respiration rates for 60 mm shell 
length mussels of the different species. Respiration rates 
are given by Griffiths (1980a) for C. meridionalis, Griffiths 
and King (1979a) for A. ater and Berry and Schleyer (1983) 
for P. perna. Respiration rates of P. perna were corrected 
to 12, s0 c using a temperature coefficient of 2, 3 6 (Miller, 
quoted by Berry and Schleyer, 1983). Respiration rates for 
M. galloprovincialis are not known but Bayne et al. ( 1984) 
describe respiration rates for P. perna at Blouberg Strand. 
Since this species rarely occurs there and 
M. galloprovincialis has for many years been incorrectly 
identified as P. perna on the west coast of South Africa 
(Grant et al. , 1984) , an estimate of the respiration rates 
for M. galloprovincialis was made on the basis of the values 
of Bayne et al. (1984) for P. perna at Blouberg Strand (see 
also Chapters I and IV). Respiration rates were multiplied 
by a factor of 2 to allow for growth in field populations 
(Bayne and Newell, 1983), and carbon requirements of the 
mussels were determined using a respiratory coefficient of 
1 ml o2 = 0,530 mg c (Hawkins and Bayne, 1985) 
It can be seen from Table 31 that on an hourly basis 
crystalline style hydrolysis of detrital material could 
supply between 2% and 6% of the mussels' carbon requirements. 
To satisfy the carbon requirements from this food source, the 
style protein would need to be renewed between 18 and 67 
times an hour. Hydrolysis of kelp material by the style 
would supply between 22% and 101% of the mussels' carbon 
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requirements and style turnover rates would need to be 
between 1 and 5 times an hour to meet these requirements. 
Table 31 suggests that fresh kelp particulate material is a 
very much better food source than detri tal material. Style 
turnover times shown in Table 31 differ considerably from 
turnover times estimated by Seiderer et al. (1982) of 24,4 
hours for c. meridionalis, and 136,3 hours for P. perna, and 
those of between 30 and 111 hours shown in Chapter IV, 
Table 23. This indicates that caution must be exercised when 
constructing energy budgets from the enzymatic hydrolysis of 
substrates markedly different from those occurring in the 
natural environment. 
Because of the greater protein content of the digestive 
gland, hydrolysis of detrital material could supply between 
110% and 236% of the carbon requirements of the mussels 
(Table 31). With respect to hydrolytic potential, the 
digestive gland is therefore considerably more important than 
the style, and can release between 24 and 87 times more 
carbon. Thus carbon budgets and style turnover times such as 
those estimated fo~.c. meridionalis and P. perna (Seiderer 
et al., 1982) and for: C. virginica and G. demissa (Lucas and 
Newell, 1984), should not be calculated on the basis of style 
hydrolytic potential only. 
However, even though Table 31 indicates that the mussels' 
carbon requirements can be met by hydrolysis of detrital 
material by the digestive gland, this would involve a protein 
turnover time of 
unrealistically rapid. 
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approximately 2 hours, which is 
It is not known how rapidly digestive 
gland protein is turned over and the digestive gland cells 
appear to be primarily organs of endocytic absorption and 
intracellular digestion (Morton, 1983). Sumner ( 1983) 
reported a very slow rate of production of new digestive 
gland cells in the mollusc Helix aspersa. It seems likely 
that bivalve digestive gland enzyme activity is related to a 
tidal or diurnal rythmn (Purchon, 1971; Morton, 1983) as is 
the crystalline style activity (Morton, 1956; Langton and 
Gabbett, 1974; Langton, 1977). Purchon (1971) suggests that 
the speed of replacement of digestive gland epithelium is 
very rapid. There appears to be a feeding related sequence 
of cytological changes in the digestive gland tubules and 
after absorption and intracellular digestion, digestive cells 
undergo a process of breakdown followed by regeneration 
(Morton, 1983). A major part of the cells making up the 
digestive gland epithelium may therefore be lost and renewed 
every 12 or 24 hours. If protein turnover occurred every 
12 hours then digestive gland hydrolysis would supply between 
9% and 20% of the mussels' carbon requirements. 
Action of enzymes on phytoplankton cells 
The action of mussel digestive enzymes on live phytoplankton 
cells likewise indicates that digestive gland extracts were 
more effective than style extracts at leaching pigments from 
cells (Table 29) • It is also significant that the diatom 
species are more susceptible to attack by digestive enzymes 
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and microbial cellulase than the flagellates, in spite ·of the 
very thin cell membrane of the latter species. Dunaliella 
cells which have so often been used for absorption efficiency 
and clearance rate determinations, seem particularly 
resistant to the effects of digestive enzymes, in spite of 
their small size and consequent high surface area : volume 
ratio. Stuart (1982) also showed that Dunaliella cells were 
resistant to digestion by mussels. The resistance of live 
phytoplankton cells to digestive enzymes is surprising, since 
the cells are rapidly broken down during extracellular 
digestion in the gut (Figure 31 G, Hand I). Purchon (1971) 
states that within 10 minutes of the addition of Isochrysis 
and Dunaliella cells to actively filtering Ostrea edulis, 
algal cells had been broken down by extracellular digestion 
in the stomach. 
Rotation of the style against the gastric shield is poorly 
understood but may help to rupture cells, thus making the 
contents accessible to digestive enzymes. Al though Kiorboe 
and Mohlenberg (1981) dispute this, generally it has been 
accepted that food enters the bivalve oesophagus in the form 
of a mucus string that is wound around the style which 
rotates against the gastric shield. This mechanical action 
of the style against the gastric shield helps to break up the 
food material (Bayne, 1976; Morton, 1983) . Any inorganic 
particles incorporated in the. mucus string would presumably 
help triturate the food to some extent, although Purchon 
(1.971) thinks it is unlikely that sand grains are important 
203 
in this respect. Maceration in · the gut would certainly 
improve the digestibility of refractory material and thin 
walled flagellates and delicate diatoms would only need to be 
brushed lightly against the gastric shield to bring about 
their rupture. The major problem with regard to 
investigating the role of style rotation in digestion is the 
impossibility of doing so without permanently damaging the 
organism. 
CONCLUSIONS 
Al though style and digestive gland hydro lases are able to 
release carbon from a refractory detrital substrate, the 
digestive gland protein would need to be renewed at least 
once every 12 hours for these hydrolases to satisfy more than 
20% of the mussels' carbon requirements. However, in 
Chapter I it was shown that mussels with absorption 
efficiencies of 40-61% could easily satisfy their carbon 
requirements from the particulate resource in the water 
column. In in vitro incubations, digestive enzymes can leach 
pigments from phytoplankton cells but no cell breakdown 
occurs. However, in the mussel gut considerable cell 
breakdown rapidly occurs. Thus in vitro incubations of 
digestive enzymes do not entirely duplicate processes in the 
mussel gut. Chapter IV demonstrated that there were distinct 
differences in the ability of style and digestive gland 
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enzymes of the four mussel species to hydrolyse purified 
substrates, and this might in part account for their 
differing distributions on the South African shore. Data 
presented in this Chapter shows that the interpretation of 
such differing enzyme activities is problematical, since 
naturally occurring detrital material is hydrolysed very 
slowly, and there appears to be little difference in the 
enzymatic capabilities of the different mussel species to 
digest such material. 
The conditions of assay for reducing sugar release may be 
such that enzyme activity of style and digestive gland 
homogenates is limited, in spite of the apparent ease with 
which mussel digestive enzymes can hydrolyse substrates such 
as glycogen and laminarin. Slow rates of reducing sugar 
release may be a reflection of adverse assay conditions such 
as pH or osmotic concentrations and in vitro experiments may 
not be an effective indicator of the animals ability to 
utilize naturally occurring particulate material. The 
absorption of the organic component of particulate detrital 
material by bivalves may be partly dependent on the 
extracellular breakdown of such material by gut bacterial 
hydrolases or fermentative bacteria in the gut. If bacteria 
assist in breaking down detrital food particles during the 
bivalve digestive process, laboratory hydrolysis of the 
substrate may well be lower than in the gut of the animal. 
This question is examined in the next section. 
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CHAPTER VI 
THE ROLE OF BACTERIA IN THE NUTRITION OF 
THE MUSSEL MYTILUS GALLOPROVINCIALIS 
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INTRODUCTION 
The role that bacteria play in marine invertebrate nutrition 
has received considerable attention over the years but many 
questions remain to be answered. There is evidence that 
bacteria can be filtered from the water column by filter 
feeders such as tunicates, sponges and bivalves (Birkbeck and 
McHenery, 1982; Berry and Schleyer, 1983; Stuart and Klumpp, 
1984; McHenery and Birkbeck,1985; Amouroux, 1986; Muir 
et al., 1986). Bivalves have been shown to be capable of 
lysing ingested bacteria (Birkbeck and McHenery, 1982; 
Seiderer et al., 1984; McHenery and Birkbeck, 1985; Muir 
et al., 1986), so that bacteria may form a component of their 
diet, particularly with respect to nitrogen metabolism. 
However, estimates of the importance of this food source vary 
from 30% of the hourly carbon demands (Muir et al., 1986) and 
all the nitrogen requirements (Seiderer et al., 1984) of 
c. meridionalis, to 5% of the carbon and approximately 10% of 
the nitrogen demands of M. edulis (Lucas et al., 1987) 
In several species of temperate and tropical sea urchins, 
nitrogen fixing bacteria are present in the gut (Geurinot 
et al., 1977; Geurinot and Patriquin, 1981 a,b) and may fix 
as much as 139 µg N2 per sea urchin per day (Geurinot 
et al., 1977). However the role that bacteria may play in 
the general digestive process of marine invertebrates is not 
clear. Lasker and Giese (1954) showed that sea urchins had a 
commensal gut microfloral ·population which could hydrolyse 
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agar, and echinoid gut bacteria were subsequently shown to be 
capable of hydrolysing certain algal polysaccharides (Prim 
and Lawrence, 1975). Fong and Mann (1980) showed that sea 
urchin gut microf lora probably aid in the digestion of 
cellulose and can synthesize amino acids which then become 
available to the urchin. Crosby ·and Reid (1971) concluded 
that in Crassostrea gigas, gut microflora in conjunction with 
endogenous cellulases, played a significant role in the 
extracellular digestion of cellulose, but Payne et al. (1972) 
found no evidence of cellulolytic bacteria in Scrobicularia 
plana. More recently Wainwright and Mann (1982) demonstrated 
that the ability of mysids to digest cellulose depends 
largely on the gut microflora of the animal, and Waterbury 
et al. (1983) isolated a cellulose digesting bacterium from 
six species of Teredinid bivalve. 
Bacterial populations residing in the gut of Mytilus edulis 
are di.fferent from the populations that exist in the water 
column, and may contain a high proportion of fermentative 
gram negative rods, as well as proteolytic and lypolytic 
forms (Prieur, 1981, 1982). Unpublished data by Seiderer 
shows that during upwelling, 30% of bacterial isolates from 
the gut of c. meridionalis showed cellulase activity, while 
only 11% of isolates from sea water taken at the same time, 
demonstrated cellulolytic activity. Thus it would appear 
that gut bacteria may well be implicated in. the digestive 
process of mytilids. 
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Chapter V has shown that in vitro hydrolysis of naturally 
occurring detritus by crystalline style and digestive gland 
homogenates of mussels of the South African coast could meet 
the carbon requirements of the animals, but would require 
very high turnover rates for the style and digestive gland 
protein. Assuming a digestive gland protein turnover time of 
12 hours meant that 9-20% of the carbon requirememts could be 
met. It was also shown that live diatom and flagellate algal 
cells were not easily lysed by extracts of mussel digestive 
hydrolases. Bacteria in the mussel gut may assist in the 
initial breakdown of refractory natural food sources, and so 
aid digestion. The present work was carried out to determine 
whether the presence of bacteria in the mussel digestive 
tract influenced the absorption of organic material from 
detrital food sources. 
MATERIALS AND METHODS 
The approach adopted in these experiments was to feed 
detrital material to mussels and to compare the absorption 
efficiency obtained with that of mussels where the gut 
bacteria, and those bacteria attached to food particles, were 
suppressed by antibiotics. 
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Preparation of detrital food 
Particulate material from the water column at Blouberg Strand 
was precipitated by centrifugation {9000 x g for 10 minutes) . 
The pellet was resuspended in ammonium formate isotonic with 
sea water and again centrifuged at 9000 x g for 10 minutes. 
This was repeated twice, after which the pellet was 
lyophilized. To make up a stock solution for absorption 
efficiency experiments, approximately 30 g of this substrate 
was finely ground with a mortar and pestle, heated at 6o 0 c 
for three hours to drive off any residual ammonium formate, 
and then resuspended and stirred in 500 ml of 0,45 µm 
filtered sea water for two hours. The solution was then 
passed successively through 105 µm, 45 µm and 20 µm sieves. 
Suitably diluted duplicate samples of the < 20 µm fraction 
were then counted with a model TA II Coulter Counter with a 
70 µm aperture, to determine particle concentration. This 
was considered to be the equivalent of a natural detrital 
food solution. More than 90% of the particles were in the 
size range 1,6 µm - 5 µm. 
Selection of mussels 
M. galloprovincialis of 60 (±5) mm shell length were 
collected from the intertidal rocks at Blouberg Strand on the 
west coast of South Africa. Animals were maintained in glass 
aquaria with running seawater at 12,5(± 1) 0 c. The absorption 
efficiency of these animals was then determined in four 
experiments, using the method of Conover (1966). 
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Experimental procedure 
All experiments'were conducted in a constant temperature room 
at 12,s0 c. Mussels were placed individually in 2 1 beakers 
containing 1 1 of 0,45 µm filtered sea water which was 
aerated and mixed by an airlift pump. An identical beaker 
containing an empty mussel shell was used as a control to 
monitor particle loss by sinking. Appropiate volumes of food 
stock solution were added to each beaker for a final 
concentration of 10 x 106 particles.1-l (approximately 
2 mg dry weight.1-1 ) and this was controlled to within 20% of 
the desired concentration. Particle concentration was 
monitored with a model TA II Coulter Counter. Particle 
density was maintained by topping up on the basis of particle 
counts obtained. Baseline counts for filtered seawater were 
subtracted from each count. All faeces produced in the first 
four hours of the experiment were discarded. For the 
following five hours, faeces were collected from each beaker 
using a pasteur pipette. For each experiment, faeces and 
triplicate 6 ml volumes of food solution were filtered on to 
preashed, weighed 2 5 mm diameter GFC filters. Each filter 
paper was flushed with 5 ml ammonium formate isotonic with 
seawater, and duplicate ammonium formate blanks were obtained 
for each experiment. Filter papers were dried (6o 0 c for 
three days) , weighed, ashed at 45o 0 c for eight hours and 
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reweighed. Absorption efficiency was calculated from the 
equation: 
F - E X 100 
(1 - E)F 
where F = the organic fraction of the food and 
E =the organic fraction of the faeces (Conover, 1966). 
Clearance rates were calculated from the standard equation: 
where 
Clearance rate (l.h-1 ) = (logeNl - logeN2 - a) x V 
t 
Nl = particle concentration at time tl; 
N2 = particle concentration at time t2; 
t = elapsed time in hours; 
v = volume of suspension in litres; 
a = rate of settlement of particles 
= logeconc0 - logeconct 
t 
conc0 = initial concentration of particles at time 
con ct = concentration after time t in hours. 
Experiment 1: Untreated mussels and non-sterile detritus 
0 
The purpose of this experiment was to determine the baseline 
absorption efficiency of mussels fed on a natural detrital 
substrate. The absorption efficiency of 12 untreated 




non-sterile particulate suspension ( 10 x 106 
as a f cod source. Bacterial counts of gut 
fluid and style homogenate from five animals were obtained as 
described below. 
Experiment 2: Antibiotic treated mussels and sterile detritus 
This experiment was performed to determine whether any change 
in the absorption efficiency of the M. galloprovincialis 
occurred when . endogenous bacterial populations were 
suppressed and sterile detrital material was offered as a 
food source. Thirteen M. galloprovincialis were divided 
between two autoclaved beakers each containing 4 1 of 0,2 µm 
filtered autoclaved seawater. Air was passed through sterile 
0,2 µm filters affixed to sterile pipettes. Ampicillin 
(Boehringer Mannheim) and Streptomycin sulphate (Boehringer 
Mannheim) made up in sterile O, 2 µm filtered seawater were 
added to each beaker to a final concentration of 50 mg 
Ampicillin.1-1 and 25 mg Streptomycin.1-1 • After 12 hours 
and 20 hours the water in the beakers was replaced with fresh 
sterile antibiotic treated seawater. The mussels were fed 
every three hours on autoclaved detrital food stock made up 
as described previously. Six hours after the second water 
change, five mussels were sacrificed for bacterial counts of 
styles and gut fluid, and triplicate bacterial counts were 
made of the water in the 4 1 beakers. For all mussel 
handling, sterile.procedures were employed. 
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The remaining eight mussels were each transferred to an 
autoclaved 2 1 glass beaker containing 1 1 of 0,2 µm filtered 
seawater to which 50 mg Ampicillin and 25 mg Streptomycin 
were added. Bacterial counts were made of the water in 3 of 
the beakers. For this experiment all plastic components of 
the airlift pumps and piping were soaked in Biocide D for six 
hours, washed in boiling water and stored in 70% alcohol 
until. use, when they were again thoroughly rinsed in boiling 
water. A sterile food solution was prepared from finely 
ground detrital material which was spread in a thin layer on 
a sterile glass tray and irradiated from a distance of 8 cm 
with ultraviolet light for 35 minutes. Trays were agitated 
every five minutes. Detrital stock solutions were then made 
up in 0,2 µm filtered seawater in sterile glassware and 
passed through a sterilised 20 µm sieve. This was added to 
experimental beakers to final concentration of 10 x 106 
particles .1-1 . Triplicate bacterial counts of the stock 
solution were made. The absorption efficiency of the eight 
experimental mussels was determined as described above, 
except that beakers were kept covered and all additions of 
food and withdrawals for Coulter counting purposes were made 
with sterile pipettes. Bacterial counts in seawater were 
made for three of the beakers at the end of the experiment. 
After the experiment the eight mussels were again divided 
between two 4 1 beakers. 
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Experiment 3: Mussels recolonised by bacteria, and non-
sterile detritus 
This experiment was performed to determine whether there was 
a change in the absorption efficiency once gut and style 
bacterial populations had been re-established in mussels that 
had been subjected to the antibiotic treatment described in 
Experiment 2 . To each beaker containing 4 mussels from 
Experimnt 2, 4 1 of seawater from the following sources was 
added: 2 1 of seawater freshly collected from Blouberg Strand 
and 2 1 of aquarium water into which was stirred 
approximately 50 mg of mussel faeces from animals kept in 
the aquarium. Mussel faeces were added to the water so that 
bacterial strains previously present in the gut might become 
re-established. Every three hours mussels were fed a 
non-sterile food solution prepared as previously described 
and aeration was as before but without the use of O, 2 µm 
filters. Triplicate bacterial counts were made of the water 
in the beakers. Water was changed every 12 hours. Animals 
were maintained in the beakers for ' 72 hours and the 
absorption efficiency was then routinely determined, using 
non-sterile food material, as described above. At the end of 
the experiment five mussels were sacrificed to determine 
style and gut fluid bacterial counts. Bacterial counts were 
made of the food stock solution. 
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Experiment 4: Untreated mussels and sterile detritus 
The purpose of this experiment was to determine whether 
endogenous bacteria or bacteria attached to food particles 
caused the changes in absorption efficiencies that ocurred in 
Experiments 2 and 3. The absorption efficiency of untreated 
M. galloprovincialis that had been maintained in running sea 
water in the aquarium, was routinely determined as described 
above. However, the food material for this experiment was 
sterilised and prepared as described in Experiment 2. 
Bacterial Counts 
Bacterial counts of water and food solutions described above 
were made by plating triplicate 100 µl aliquots onto sea 
water agar plates ( O, 5% peptone, O, 1% yeast extract, 1, 5% 
agar). This provided some indication of relative bacterial 
numbers in sea water, gut fluids and styles before and after 
treatments, although the percentage plateability can be very 
low (Kuznetsov et al., 1979). Five mussels were used to 
determine gut fluid and style bacterial numbers. Mussels 
were opened and rinsed with sterile sea water. The stomach 
was exposed and opened with sterile forceps and 5 µl of gut 
fluid was removed with a pipette. Gut fluids were pooled, 
thoroughly mixed with 2 ml sterile 20 mM phosphate buffer 
pH 6,9 containing 150 mM NaCl, and triplicate 100 µl aliquots 
were plated onto sea water agar plates. One ml of the 
remaining solution was diluted to 10 ml with phosphate buffer 
and a further triplicate 100 µl aliquots were plated. 
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Crystalline styles were removed, rinsed in sterile phosphate 
buffer and homogenized together in 5 ml phosphate buffer 
using a glass tissue grinder. Triplicate 100 µl aliquots 
were plated onto seawater agar plates. One ml of the 
remaining solution was diluted with phosphate buffer to 10 ml 
and a further triplicate of 100 µl aliquots were plated. All 
glassware was sterilised immediately before use. Plates were 
cultured at 22°c and colonies were counted after five days. 
RESULTS 
Bacterial counts for the experiments are presented in Table 
32. The results of the absorption efficiency experiments as 
well as clearance rates and faecal production during the 
experiments are shown in Table 33. 
Experiment 1: Bacterial numbers were 9,4 x 105 .m1-l in the 
gut fluid and 7,5 x 103 .ml-l in style homogenates of 
untreated mussels (Table 32). The base~ine absorption 
efficiency of M. galloprovincialis fed on natural detrital 
material was 0,28 ( Table 33). This is somewhat lower than 
values of 0,40 for c. meridionalis (Griffiths, 1980b) and 
0,40 to 0,66 for C. meridionalis, P. perna and A. ater (Bayne 
et al., 1984) feeding on natural particulate material. 
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TABLE 32 
Plateable bacteria.ml-l (±SD) in filtered sea water and sea water 
in experimental beakers. Plateable bacterial numbers in the style 
and gut , fluid of M. galloprovincialis before, during and after 
treatment with antibiotics are also shown. 
Experiment 1 
0,45 µm filtered sea water 
Detrital food stock solution 
in 0,45 µm filtered sea water 
Untreated mussel gut fluid 
Untreated mussel style 
Experiment 2 
0,20 µm filtered sea water 
Antibiotic treated sea water 
in 41 beakers 
Antibiotic treated sea water 
in experimental beakers: 
Start of experiment 
Antibiotic treated sea water 
in experimental beakers: 
end of experiment 
UV sterilized food stock 
solution in 0,20 µm 
filtered sea water 
Antibiotic treated mussel 
gut fluid 
Antibiotic treated mussel 
style homogenate 
Experiment 3 
1:1 Aquarium sea water and 
freshly collected sea water 
Detrital food stock solution 
in 0,45 µm filtered sea water 
Recolonized mussel gut fluid 
Recolonized mussel style 
homogenate 
Experiment 4 
UV steri1ised food stock 
solution in 0,20 µm 
filtered sea water 
Untreated mussel gut fluid 
Untreated mussel style 
homogenate 
Bacterial concentration 
9,6 (±3,3) x 102 bacteria.ml-1 
8,2 (±1,4) x 104 bacteria.ml-1 
9,4 (±0,2) x 105 bacteria.ml-1 
7,5 (±0' 8) x 103 bacteria.ml-1 
3,2 (±1, 2) x 102 bacteria.ml-1 
20 (±2q) bacteria.ml-! 
50 (±10) bacteria.ml-! 
1,4 (±0,8) x 104 bacteria.ml-! 
2,9 (±0,9) x 103 bacteria.ml-! 
5,0 (±1, 2) x 103 bacteria.ml-! 
1,7 (±0' 1) x 102 bacteria.ml-! 
2,7 (±1,2) x 106 bacteria.ml-! 
10,6 (±2,3) x 104 bacteria.ml-! 
2,5 (±0, 2) x 106 bacteria.ml-! 
4,5 (±0, 9) x 103 bacteria.ml-! 
3,2 (±0,6) x 103 bacteria.ml-! 
6, 2 (±0, 6) x 10,5 bacteria. ml -l 
2,9 (±1,2) x 103 bacteria.ml-! 
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TABLE 33 
Clearance rates (l.h-1 ), faecal production (mg.animal-1) and 
absorption efficiencies, (±SD) of M. galloprovincialis before, 
during and after treatment with antibiotics. The organic content 
of the detrital food and the particle concentration in the 
experimental beakers is also shown. In the experiments mussels 
were treated with antibiotics and given sterile food. In 
Experiment 3 the same mussels were allowed to re-establish 
digestive system bacterial populations and were given non-sterile 
food. In Experiment 4 untreated mussels were given sterile food. 
Treatment 
1: No treatment 
2: Antibiotic 
3: Post-antibiotic 










10 x 106 
10 x 106 
10 x 106 



























Experiment 2: Table 32 shows that antibiotic treated sea 
water in which mussels were maintained for 26 hours had a 
very low bacterial count (20 bacteria.ml -l) when compared 
with bacterial counts from a sea water/aquarium water mixture 
(2,7 x 106 bacteria.ml-1 ), 0,45 um filtered sea water 
(9,6 x 102 bacteria.ml-1 ) and 0,2 µm filtered sea water 
(3,2 x 102 bacteria.ml-1 ). At the start of the antibiotic 
treatment absorption efficiency experiment, O, 2 µm filtered 
sea water containing Ampicillin and Streptomycin had a 
bacterial count of 50 bacteria.ml-! but this increased to 
1,4 x 104 bacteria.ml-! at the end of the experiment. This 
was probably a result of contamination caused by the 
necessary frequent removal of water for estimates of particle 
numbers, and by the addition of food stock solution. It is 
nevertheless surprising in view of the fact that Ampicillin 
and Streptomycin were present in each beaker. The mussels 
themselves may have contributed to the increase in bacterial 
numbers, since the gut fluids and styles of antibiotic 
treated mussels had higher counts than the antibiotic treated 
0,2 µm filtered sea water at the start of the experiment 
(Table 32). The antibiotics may also not have been effective 
against all strains of bacteria. However, bacterial numbers 
present at the end of the experiment were only 0,5% of those 
in a mixture of aquarium and freshly collected sea water. 
Ultraviolet sterilization of the detrital food source did not 
entirely eliminate bacteria from the stock solution, although 
bacterial numbers of sterilised detrital solutions were less 
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than 4% of untreated solutions. Many of the bacteria present 
in the ultraviolet treated solutions may have been associated 
with the 0,20 µm filtered sea water in which the stock 
solution was constituted, since this water contained 
3,2 x 102 bacteria.ml-l (Table 32). 
Treatment by antibiotics reduced the number of bacteria in 
mussel gut fluid from 9, 4 x 105 bacteria.ml -l to 
5 x 103 bacteria.ml-l (Table 32). Antibiotic treatment did 
not reduce the number of style bacteria as dramatically. 
However, treated styles contained less than 6% of untreated 
style bacterial numbers. Microorganisms thickly coat mussel 
crystalline styles (Seiderer, 
presumably killed by antibiotics. 
found embedded in the bivalve 
pers comm.) and most are 
·However, bacteri~ are also 
style matrix (Hameed and 
Paulpandian, 1985; Seiderer et al., 1987) . To eliminate 
these, a complete style turnover in antibiotic treated water 
would be necessary and this presumably was not accomplished 




Antibiotic treated mussels had an absorption 
significantly of 0,16 (Table 33). This was 
(p < 0,01, t = 3,641, 18 d. off.) from the 
absorption efficiency of untreated animals given non-sterile 
food in Experiment 1. 
Experiment 3: Bacterial counts in a sea water/aquarium 
mixture were 2 , 7 x 1o6 . ml - l. After 7 2 hours in this water, 
mussel gut fluid bacterial numbers increased from 
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5,0 x 103 .m1-l to 2,5 x 106 .m1-1 , which was higher than 
bacterial numbers in untreated mussel gut fluid 
{9,4 x 105 .m1-1 , Table 32). Thus gut bacterial populations 
were effectively re-established in terms of numbers, although 
the population may not have had the same constitution. 
Bacterial recolonization of the style was not as complete and 
only 60% of the untreated style bacterial numbers were 
re-established {Table 32). Again, a complete style turnover 
would be necessary to ensure colonization of the style 
matrix. The absorption efficiency of animals with 
re-established gut and style bacterial populations increased 
from 0,16 to 0,37 when fed on non-sterile particulate 
material {Table 33). This was significantly different from 
the absorption efficiency after treatment with· antibiotics 
{p < 0,001, t = 8,076, 14 d. of f.) 
Experiment 4: Bacterial counts of untreated mussel style and 
gut fluid were slightly lower than those of Experiment 1 
{Table 32). The absorption efficiency of these mussels fed on 
sterile detritus was 0,16, which was the same as that of the 
antibiotic treated mussels fed on sterile detritus {Table 
33). This suggests that the suppression of ·bacterial 
populations associated with the particulate food source 
rather than the suppression of gut bacteria caused the 
decrease in absorption efficiency observed when antibiotic 
treated mussels were given sterile food {Experiment 2). 
However, the clearance rates and faecal production of the 
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mussels in Experiment 4 were very much lower tp.an the other 
experiments (Table 33), which makes this result inconclusive. 
Clearance rates of M. galloprovincialis during the course of 
the experiments are shown in Table 33. Untreated animals had 
a clearance rate of -1 2,91 l.h • Animals in water with 
antibiotic additives had a clearance rate of 3,30 l.h-1 • The 
same animals had a clearance rate of 3,20 l.h-l after 
72 hours in a mixture of aquarium water and fresh sea water. 
Faeces production during the_ five hour experimental period 
was similar in the first three experiments and ranged from 
7, 10 mg. animal -l to 9, 26 mg. animal -l (Table 33) . Organic 
content of the food ranged between O, 56 and O, 57 in the 
experiments. 
DISCUSSION 
The role of exogenous and endogenous bacteria in regulating 
absorption efficiency 
The results presented here indicate that when the gut and 
style population of bacteria are reduced, the absorption 
efficiency of mussels is substantially reduced when sterile 
food is offered. However, since 16% of the organic component 
of the food could still be absorbed in the absence of gut 
microflora, it is evident that endogenous enzymes also play a 
part in the digestion of particulate material., When a gut 
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bacterial population was re-established, absorption 
efficiency in the same animals more than doubled (Tables 32 
and 33) . Gut fluid bacterial counts of untreated mussels 
were 45% of those animals' whose gut microfloral populations 
were first eliminated and then re-established. At the same 
time the absorption efficiency of these latter animals was 
0;37 compared with 0,28 for untreated animals. Numbers of 
gut bacteria may thus have a direct bearing on the ability of 
the animal to digest particulate material. 
However, Experiment 4 indicates that bacteria colonising the 
detrital food material rather than the gut bacterial 
population resulted in the increase in absorption efficiency 
observed when gut bacteria were re-established and a non-
sterile food was offered (Experiment 3). There were however, 
considerable differences in the rates of clearance and faecal 
production between this experiment and the other three 
experiments (Table 33), which indicates some physiological 
disturbance in the mussels used in this last experiment. The 
reason for this is not clear, since the experimental 
conditions were exactly the same. Thus the results of this 
last experiment are unfortunately not conclusive. Stuart 
et al. {1982) showed that there was very little change in the 
absorption efficiency of Aulacomya ater fed on kelp 
particles, despite considerable variations in the microbial 
biomass attached to the particles. Thus changes in 
absorption efficiencies of M. galloprovincialis before and 
after antibiotic treatment can probably be ascribed in part 
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to changes in gut flora populations rather than to bacteria 
attached to the food particles. 
The nature of the gut microfloral population may also 
influence the digestive capabilities of the animal. Mussels 
with absorption efficiencies of 0,28 were maintained in the 
aquarium for 72 hours prior to the experiment. Mussels with 
absorption efficiencies of O, 3 7 were maintained ·in a mixture 
of aquarium water and freshly collected sea water for 72 
hours. Fresh sea water was collected in typical summer 
downwelling conditions. Under these conditions the bacterial 
population in the water column is highly diverse with a 
predominance of facultative anaerobes (Muir, 1986). The 
types of bacteria present in aquarium water have not been 
characterized. However it is likely that bacteria present 
during downwelling include types suited to digest the high 
particulate loads associated with these conditions 
(Chapter I). If these microbes are selectively retained in 
the mussel gut environment, animals with such a bacterial 
complement may be at a digestive advantage compared with 
animals with a gut flora composed primarily of bacteria from 
the aquarium environment. This might account for the higher 
absorption efficiencies in the third experiment compared with 
absorption efficiencies in the first experiment. 
It is significant that Langdon and Siegfried ( 1984) found 
that growth of Crassostrea virginica was better when high 
bacterial numbers were present in culture conditions than 
225 
when bacterial numbers were low. From their work it cannot 
be determined whether this was a result of bacteria acting as 
a supplementary food source or because of improved breakdown 
and digestion of the food source by bacteria in the oyster 
gut. However, single bacterial cells are filtered 
inefficiently by c. virginica (Haven and Morales-Alamo, 1970; 
Sorokin, 1972) and the present work indicates that the 
increase in growth rates recorded by Langdon and Siegfried 
(1984) may be partly the result of improved breakdown of food 
particles by increased bacterial numbers in the oyster gut. 
It is possible that the reduction in absorption efficiencies 
in M. galloprovincialis subjected to antibiotic treatment was 
a result of the response of the mussels to the antimicrobial 
substances, and was not linked to the presence or absence of 
a gut microflora. Langdon and Bolton (1984) noted a slight 
stimulation of filtering activity in oysters subjected to 
antibiotic and dispersant substances in the water, but over a 
two week period no toxic effects were observed. In the 
present experiment, mussels resumed filtering within a few 
minutes of being placed in the beakers with antibiotic 
additives. Clearance rates of animals in the antibiotic 
medium were slightly higher -1 (3,30 l.h ) than those of 
animals which had not been treated with antibiotics 
-1 (2,91 l.h ) . However, the clearance rate of the same 
animals during and after treatment with antibiotics was 
3,30 l.h-l compared with 3,20 l.h-l (Table 33). Thus there 
appears to be little difference in clearance rates with and 
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without antimicrobial additives (excluding Experiment 4). 
For the five hour experimental period, faeces production of 
antibiotic treated mussels was 9,26 mg.anima1-l compared with 
values of 7, 10 mg. animal -l for untreated animals and 
8,84 mg.animal-l for post-treatment animals (Table 33). Thus 
it is evident that the feeding activity of the mussels was 
not inhibited by the addition of the antimicrobial solution, 
and there is no indication that the mussels were unduly 
affected by the treatment. 
Another possibility that must be considered is that mussels 
produce enzymes that are the only means of digestion of food 
particles, and the production of these enzymes is in some way 
inhibited by antibiotics. It is well known that the bivalve 
crystalline style and digestive gland produce enzymes capable 
of hydrolysing polysaccharide substrates (Kristensen, 1972a; 
Seiderer et al., 1982; Onishi et al., 1985; see Chapter IV), 
and in Experiment 2, mussels with very few gut and style 
bacteria absorbed 16% of the organic component of the food 
material. Thus it is conceivable that antibiotics could have 
inhibited enzyme production. However, there would appear to 
be a considerable delay between the production of enzymes 
which are incorporated in the style, and the use of those 
enzymes during digestion, since the style is a mucoprotein 
rod in which new material is added from the outside but 
mainly from the posterior end while middle lamellae leach out 
through the anterior end (Kristensen, 1972b) . Mussel style 
turnover times measured by Seiderer et al. (1982) were 
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apparently linked to the hydrolytic activity of the style 
enzymes and the carbon requirements of the animal. The 
hydrolytic potential of M. galloprovincialis style enzymes is 
similar to that of P. perna, and in view of the hydrolytic 
potential by digestive gland enzymes (see Chapters IV and V), 
style turnover time is likely to be as long or longer for 
M. galloprovincialis than the 72-120 hours estimated for 
P. perna (Seiderer et al., 1982) Thus M. galloprovincialis 
subjected to 26 hours in a solution which inhibits enzyme 
production is probably utilizing pre-treatment style material 
for digestive purposes during the following nine hours, 
rather than new material. Therefore the digestive 
capabilities of the style at least, would be the same as 
those of pre-treatment animals. Equally, because of the slow 
nature of style turnover, style material laid down during the 
antibiotic treatment is like~y to be available for use during 
an experiment 72 hours after Experiment 2. However 
absorption efficiencies increased from 0,16 to 0,37 in the 
later experiment. Thus for the style at least, it does not 
seem likely that changes in absorption efficiency after 
antibiotic treatment can be ascribed to inhibition of the 
production of endogenous enzymes. 
Carbon budget 
With data on filtration rates, food concentrations and 
weights, and the organic and carbon content of the 
material, the extent to which the carbon intake 
food 
of 
M. galloprovincialis is affected by different absorption 
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efficiencies can be calculated and is shown in Table 34. 
(Data from Experiment 4 has not been included since the 
filtration rates appear to be atypical). A comparison can 
also be made with carbon requirements supplied by in vitro 
enzyme hydrolysis of a similar food source. Total carbon 
available was calculated from the food concentration 
(2,335 mg.dw.1-1 ), an organic fraction of 0,57 (Table 33) and 
a carb.on fraction of O, 23 (Stenton-Dozey pers. comm.). Thus 
O, 306 mgc.1-l is available to the animals and at a mean 
clearance rate (Experiments 1,2 and 3 only) of 3,14 l.h-l 
(Table 33), a total of 0,961 mgC.h-l is ingested (Table 34). 
The actual carbon absorbed at the different absorption 
efficiencies can then be calculated. Carbon requirements can 
be estimated from respiration rates. No data are available 
for respiration rates of M. galloprovincialis so an estimate 
of the oxygen requirements was made from the values of Bayne 
et al. (1984) for P. perna at Blouberg Strand (see Chapters 
I, IV and V). Respiration rates were multiplied by a factor 
of two to allow for growth (Bayne and Newell, 1983) and 
carbon requirements in Table 34 were determined using a 
respiratory coefficient of 1 ml o2 = 0,530 mg c (Hawkins and 
Bayne, 1985). The percentage of carbon requirements met by 
in vitro hydrolysis of natural detrital material was 
calculated from data in Table 31 (Chapter V), assuming a 
style and digestive gland protein turnover time of 12 hours. 
Table 34 shows that a considerable proportion (52-69%) of 
the animal's carbon requirements can be met by digestion of a 
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TABLE 34 
The percentage of M. galloprovincialis carbon requirements that are satisfied by absorption 
of natural detritus before, during and after treatment with antibiotics is compared with an 
estimate of the percenta[e of carbon re~irements satisfied during in vitro enzyme assays 
/
Section V, Table 31) . Tot~l carbon. available was calculated from the food c9ncentration 
2,335 mg dw.l-1 ) and organic fraction of 0,57 (Table 32), a carbon fraction of 0,23 
Stenton-Dozey, pers. comm) and clearance rates of 3,14 l.h-1 (Table 32). The carbon 
requirements were estimated from respiration rates of P.1fern~ at Blouberg Strand given by BaYr:ie et al. {1984), multiplied by a factor of two to a ow or growth (Bayne and Newell, 
1983) ana-using a conversion of 1 ml 0 = 0,530 mg C (Hawkins and Bayne, 1985). The 
Qercentage of carbon requirements met by in vitro enzyme assays was calculated from data in 
Table 30 assuming a 12 liourly turnover of style and digestive gland protein. 
Treatment 
1: No treatment 
2: Antibiotic 
Total Carbon Absorption Carbon Carbon % carbon % carbon 
available efficiency absorbed requirements requirements requirements 




















natural food source, when bacteria are present in the gut, 
style and food material. If only respiratory carbon 
requirements are considerd (i.e half the carbon requiremaents 
shown in Table 34) then the carbon demands for maintenance 
are met but there is 1 i ttle energy available for growth. 
When gut and style bacteria are removed and the food is 
sterile, 30% (60% of respiratory carbon demand) of the 
animal's carbon requirements can be met by endogenous enzyme 
hydrolysis of the particulate material. Assuming a style and 
digestive gland protein turnover time of 12 hours, only 9% of 
carbon requirements (18% of respiratory carbon demand) can by 
met by style and digestive gland carbohydrases under 
conditions of in vitro hydrolysis. Longer protein turnover 
times would mean that an even smaller proportion of the 
carbon requirements could be met. 
CONCLUSIONS 
When the endogenous bacterial population in the mussel 
digestive system is suppressed by antibiotics and the animals 
are fed a sterile food material, the absorption of organic 
material from the food declines significantly. When bacterial 
populations are re-established in the gut and crystalline 
style, and non-sterile food is offered, absorption 
efficiencies increase dramatically. Thus it appears that 
bacteria are implicated in the digestion of refractory 
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particulate material by mussels. It is not clear whether 
bacteria associated with the digestive system or those 
colonising the food particles result in the increase in 
absorption efficiency. Since bacteria appear to play a part 
in the digestive process of bivalves, caution must be 
exercised when attempting to estimate energy budgets such as 
those of Seiderer et al. (1984), Lucas and Newell (1984) and 
Chapters IV and V, from the results of in vitro enzyme 
assays. Furthermore, even without bacterial assistance in the 
breakdown of food, considerable discrepancies remain between 
estimates which are made from enzyme assays, of the carbon 
available to the animal, and those made from estimates of the 
carbon removed during passage through the digestive system. 
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GENERAL DISCUSSION 
On the coast of South Africa, four species of mussel inhabit 
the rocky littoral and sublittoral zone. The black mussel 
c. meridionalis and the ribbed mussel A. ater are restricted 
to the low intertidal area and the subtidal kelp beds (Field 
et al., 1977; Grant et al., 1984), while the recently 
introduced (Grant and Cherry, 1985) M. galloprovincialis and 
the brown mussel P. perna are found in the mid and low 
intertidal area, as well as subtidally (Berry, 1978; Grant 
et al., 1984). c. meridionalis, M. galloprovincialis and 
A. ater are found on the west coast of South Africa, while 
P. perna is the dominant species on the south and east coasts 
but is seldom found west of the Cape Peninsula (Grant et al., 
1984). M. galloprovincialis may be extending its range, since 
it has replaced c. meridionalis and A. ater as the dominant 
intertidal organism at c~rtain localities on the west coast, 
and is apparently increasing in numbers on the coast east of 
the Cape Peninsula. 
Growth rates of c. meridionalis on the west coast and 
P. perna on the east coast of South Africa are remarkably 
rapid, and these mussels can attain 60 mm in the their first 
year (Berry, 1978; Griffiths, 1981b), while 
M. galloprovincialis spat transplanted to culture ropes in 
Saldanha Bay can attain 60 mm in 10 months (Steyn, pers. 
comm.). Recently, rafts have been established at Port 
Elizabeth on the east coast and at Saldanha Bay on the west 
coast, for the culture of P. perna and M. galloprovincialis. 
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In addition, c. meridionalis and A. ater are major components 
in the diet of the commercially important rock lobster Jasus 
lalandii (Pollock, 1978; Griffiths and Seiderer, 1980). Thus 
the four mussel species all have a direct or indirect 
commercial value and factors affecting their growth are of 
considerable interest. 
It is suggested that differences in both the geographic 
distribution of these mytilids and their ability to occupy 
different levels in the intertidal area, is in part related 
to their ability to efficiently digest the particulate food 
resource. The results presented in Chapter I showed that in 
the kelp bed area on the west coast of the Cape Peninsula, 
the carbon 7equirements of all four mussel species could 
easily be met by the particulate food resource in the water 
column, in spite of summer upwelling events which remove 
particulates from the area. However, the nitrogen 
requirements of C. meridionalis and M. galloprovincialis may 
be undersupplied at times. C:N ratios of 8,14 in summer and 
9,90 in winter indicated that much of the particulate 
material was detritus, probably originating from the major 
macrophytes. Chapter II showed that seasonal differences 
occurred in the nature of the phytoplankton component of the 
particulate material. However, organic carbon : chlorophyll g 
ratios of 344 in summer and 742 in winter, as well as poor 
correlations between organic carbon and nitrogen, and 
chlorophyll g, confirmed that throughout· the year, much of 
the particulate material in the water column is of a detrital 
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nature. Chapter III evaluated the methods commonly used to 
measure the release of reducing sugars from polysaccharide 
substrates by mussel enzymes, and Chapter IV investigated the 
major crystalline style and digestive gland carbohydrases 
that the four mytilid ·species use to digest particulate 
material filtered from the water column. Crystalline style 
saccharogenic rates were 10,51 mg maltose.mg protein.h-1 and 
10,54 mg maltose.mg protein.h-l for M. galloprovincialis and 
P. perna respectively, while c. meridionalis and A. ater had 
style saccharogenic rates of 4,62-6,54 mg 
maltose.mg protein~h-1 . The higher saccharogenic rates of 
M. galloprovincialis and P. perna would allow these two 
species to colonise rocks higher in the intertidal zone, 
where feeding times are limited. The lower rates of 
C. meridionalis and A. ater may restrict them to the lower 
intertidal area. Total saccharogenesis by the digestive gland 
of the west coast species c. meridionalis, 
M. galloprovincialis and A. ater is twice that of the south 
and east coast P. perna. It is suggested that the 
predominantly detrital food resources on the west coast 
require extensive processing in the digestive gland for 
effective hydrolysis. The l.ow saccharogenic capabilities of 
P. perna' s digestive gland prevent this species from 
successfully colonising the west coast, and limit it to a 
more easily digested phytoplankton dominated food supply on 
the south and east coasts. There appears to be some 
specialisation for a laminarin diet in the kelp bed mussels 
c. meridionalis and A. ater, since laminarinase activity 
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accounts for 57% of total style saccharogenesis compared with 
38% for M. galloprovincialis and P. perna. 
M. galloprovincialis has more isozymes .of a-amylase than the· 
other mussel species, high temperature coefficients for both 
style and digestive gland a-amylase activity and a very much 
greater total hydrolytic potential than the other mussels. 
These . factors may · explain the recent success of 
M. galloprovincialis in colonising the west coast, and may 
allow it to spread to the east coast of South Africa. 
Differing style and digestive gland hydrolytic potentials 
among the four mussel species could therefore partly account 
for their differing intertidal and geographical 
distributions. 
However, Chapter V showed that rates of style and digestive 
gland hydrolysis of naturally occurring detrital material by 
all four mussel species were similar and very slow. Also, 
phytoplankton cells were not easily lysed by digestive 
enzymes in in vitro incubations, although rapid lysis 
occurred in the mussel gut. The carbon requirements of, the 
mussels· could only be met from hydrolysis of detrital 
material by very rapid turnover rates of the style and 
digestive gland protein. Thus it is not easy to assess the 
importance of differing enzyme activities as a factor 
influencing the distributions of the mussel species. 
Chapter VI showed that the digestion of natural detrital 
material by mussels appears to be more than a process of 
bringing together enzymes and food material in the gut, and a 
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subsequent absorption of the products of hydrolysis. 
Endogenous bacteria or bacteria colonising the food particles 
assist in the digestion of refractory organic material, and 
in test tubes, lack of a suitable environment probably 
prevents these bacteria from performing their normal function 
in mytilid digestion. 
It seems likely that a process of mechanical breakdown of 
food material is an important feature in mussel digestion and 
this is not duplicated in test tube incubations. Particulate 
material incubated in test tubes retains its particulate 
nature even after 20 hours incubation, whereas food material 
from the mussel gut soon becomes a liquid paste. This 
difference is particularly noticeable when algal cells are 
incubated with enzymes. In test tubes, Tetraselmis, 
Dunaliella and Thallassiosira cells maintain their identity 
even after 20 hours incubation with mussel digestive enzymes, 
whereas after 1-2 hours in the mussel gut, cells are 
extensively broken down and it is very difficult to recognise 
individual cells. Whether this breakdown of ingested material 
is the result of bacterial hydrolases or mechanical action or 
both is uncertain, but it occurs very rapidly and seems 
likely to be the· effect of trituration of the food mass in 
the gut. Inorganic particles ingested with organic material 
may assist this process. The breakdown of particulate 
material would allow digestive enzymes to quickly come into 
contact with the cell contents and particularly the storage 
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products such as starch and laminarin which, in Chapters III 
and IV, have been shown to be rapidly hydrolysed by digestive 
tract carbohydrases. Differences in the enzyme activities of 
the bivalve species would then have a considerable effect in 
determining the efficiency of utilisation of a particular 
food source and therefore the distributions of species. There 
are however, other features of mussel physiology that might 
contribute to differences between the results of test tube 
incubations of substrates and digestive hydrolases, and the 
process of digestion in the mussel gut. There is evidence 
that the bivalve midgut may play a role in digestion (Reid, 
1966; Payne et al., 1972; Mathers, 1973b) and enzyme activity 
has been found in the gastric shield of some bivalves 
(Kubomura, 1959; Hal ton and Owen, 1968) • Furthermore, the 
gill epithelium displays a-amylase and protease activities 
which may start the digestive process long before the 
particulate food reaches the gut (Pequignat, 1973). In 
addition, in vitro incubations take no account of the 
apparently well developed ability of bivalves to select 
individual particles from a mixture (Kiorboe and Mohlenberg, 
1981; Newell and Jordan, 1983; Pierson, 1983; Shumway et al., 
1985). All of these features of mytilid nutrition will have 
an effect on the efficiency of utilisation of a particulate 
. 
food resource and therefore affect the relative importance of 
the major carbohydrases in the digestive process. 
An important consideration when examining carbohydrase enzyme 
activities as a mechanism controlling bivalve distribution, 
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is the relative importance of phytoplankton and macrophyte 
derived material compared with other sources of carbon and 
nitrogen gain, in the nutrition of the animals concerned. If 
mussels can utilise alternative methods of acquiring carbon 
and nitrogen from the environment, then their reliance on 
algal based food material will be less, and the importance o~ 
carbohydrate digestion in the total energy gain will be 
correspondingly less. 
food source, although 
Bacteria comprise such an additional 
they are relatively inefficiently 
retained by mussels {Stuart and Klumpp, 
1987) and their contribution to the 
1984; Lucas et al., 
carbon and nitrogen 
resources available to mussels in the kelp bed is likely to 
be less than 1% (see Chapter II). However, it is of interest 
in this respect that different mussel species appear to 
possess different lytic enzymes for digesting bacteria. The 
lysosome of the crystalline style of M. edulis is a true 
N-acetylmuramylhydrolase and it is always present in the 
style {McHenery and Birkbeck, 1982), whereas the activity of 
the lytic agent in the style of c. meridionalis is closely 
correlated with environmental temperature and, although it 
can lyse bacteria from the water column, it is not a true 
lysosyme (Seiderer et al., 1984; Muir et al., 1986). There is 
as yet no information on lysosymes in the styles of the 
mussels M. galloprovincialis, P. perna and A. ater, and this 
problem should be addressed in future work. 
Although bacteria appear to make a small contribution to the 
nutritional requirements of mussels, the ability of these 
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organisms to rapidly take up dissolved organic matter (DOM) 
from very low ambient concentrations and against extreme 
concentration gradi'ents (Pequi'gnat, 1973· Manahan et al I • I 
1982; Manahan, 1983; Manahan et al., 1983) may significantly 
reduce the importance of the digestion of particulate food 
material as a method of nutrient acquisition. Manahan et al. 
(1982) showed that M. edulis could remove 63%, 84% and 72% of 
aspartate, serine and glycine from natural sea water during a 
single passage of water through the mantle cavity. Further 
work by Manahan et al. (1983) showed that M. edulis can 
accumulate amino acids from ambient concentrations as low as 
5 nM and against chemical gradients of approximately 106 :1, 
and that between 37% and 75% of individual amino acids 
present at a concentration of 125 nM, are removed in a single 
passage through the mantle cavity. cumulative rates of uptake 
of the amino acids were 4,9 µM.gdw- 1 .h-1 . 
There are no data on the free amino acid concentrations of 
sea water on the South African coast, but a rough estimate of 
the possible contribution of dissolved amino acids to filter 
feeder requirements in the kelp bed area can be made. 
Newell et al. (1980a) calculated that 20,24 x 107 litres of 
mucilage is released annually by a 700 ha kelp bed of 
Ecklonia maxima and Laminaria gallida off the west coast of 
the Cape Peninsula. This amounted to 1458,38 x 104 kg dw of 
/'; 
I 
mucilage per year. 
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The Oudekraal kelp bed is approximately 
25 ha. Assuming the same rate of mucilage production, 
52,09 x 104 kg dw of mucilage is released annually. If this 
is released steadily throughout the year, 1427 kg of mucilage 
would then be released into the water column every day at 
Oudekraal. The kelp bed at Oudekraal is on average 10 m deep 
(Field et al., 1980). Thus there are approximately 2,5 x 109 
litres of water in the kelp bed. The daily mucilage release 
would then be 571 µg.1-l of which approximately 5% consists 
of some 18 amino acids (Newell et al., 1980a). If the daily 
mucilage release occurred instantaneously, the free amino 
acid concentration from kelp mucilage would be 29 µg .1-1 . 
Assuming an average amino acid molecular weight of 100 (see 
wright and Stevens, 1978; Manahan et al., 1983) the dissolved 
amino acid concentration would be 0,29 µM. This is probably a 
low estimate for these waters, since Manahan et al. (1983) 
recorded concentrations of 0,276 µM for serine, 0,223 µM for 
glycine and 0,078 µM for aspartate, for a cumulative value of 
o, 577 µM for these three amino acids alone, in the vicinity 
of a mussel bed. If the cumulative uptake rate for M. edulis 
of 4,9 µM.gdw- 1 .h-l for a mixture of amino acids at a total 
concentration of 1,6 µM is the same for South African mussel 
species, the uptake rate from the 0,29 µM amino acid mixture 
derived from kelp mucilage is 
0,29 x 4,9 = 0,888 µM.gdw-1.h-1 
1,6 
Oxygen requirements for , the mussels are approximately 
0,4 ml 0 2 .gdw-
1 .h-l (See Chapter I) and setting 1 mg mixed 
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amino acids equal to 1 ml o2 for complete oxidation (Wright 
and Stevens, 1978; Manahan et al., 1983), energy requirements 
would be 4 µM.gdw- 1 .h-1 . Thus the amino acids from mucilage 
could supply 22% of energy requirements based on oxidative 
metabolism. The potential for dissolved amino acids to 
contribute to the energy requirements of filter feeders is 
therefore considerable. 
There is less quantitative information on the uptake of 
dissolved carbohydrates by filter feeders. Kelp mucilage 
contains approximately 6,5% free reducing sugars 
(Newell et al., 1980a), which would amount to 
3, 39 x 104 kg dw released annually into the water at 
Oudekraal. Considering the rapid uptake of these compounds by 
filter feeders (Pequignat, 1973), it is likely that they too 
contribute significantly towards the nutritional requirements 
of these animals. Thus the uptake of DOM warrants further 
investigation when quantifying filter feeder energy gains 
from the environment. However, the capture and digestion of 
particulate material are likely to be the most important 
processes in the acquisition of energy by mussels, 
particularly as they must compete for DOM with microorganisms 
which can also take up these compounds very rapidly (Linley 
et al., 1981; Lucas et al., 1981; Newell and Lucas, 1981). 
Perhaps the most important factor involved in assessing the 
saccharogenic potential of the style and digestive gland 
enzymes of different mussel species is the rate at which the 
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crystalline style and digestive gland can supply enzyme 
protein for digestion, as this will greatly affect 
calculations of hydrolytic potential. A rapid rate of enzyme 
production may compensate for a low hydrolytic potential. In 
Chapters IV and V the rate at which the style and digestive 
gland protein would need to be renewed to meet the carbon 
requirements of the animals has been calculated on the basis 
of the carbon released by the whole style or digestive gland 
(measured as total protein content). However, a very much 
better assessment of the potential for hydrolysis by the 
mussel digestive system would be obtained if the rates of 
style and digestive gland enzyme production were known, since 
this may vary in different species. There have been very few 
investigations into this process. 
Edmonson {1920) estimated the time for complete style renewal 
in Mya arenaria was 74 days. The only recent attempt to 
measure style turnover rates in mussels was by Seiderer 
et al. (1982), in which style protein appeared to be renewed 
approximately every 18 hours in c. meridionalis and every 
72 hours in P. perna. There are no data available on rates of 
protein renewal in the digestive gland. Experiments on the 
effect of starvation on style enzyme activities have shown 
that very rapid changes can occur in the crystalline style 
and these changes are not the same for all mussel species. In 
starved· (10 days) mussels, the style generally became smaller 
in relation to total body weight. When starved mussels were 
fed a suspension of Phaeodactylum, within 3 hours styles of 
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A. ater often dissolved to a liquid jelly, while those of 
C. meridionalis and M. galloprovincialis increased in size 
and were back to their normal size after 24 hours. However 
M. galloprovincialis styles became very much softer and more 
elastic during this period, although it is not known if this 
was the result of new material being laid down. A. ater 
\ 
styles reappeared within about 12 hours of the start of 
feeding. When starved C. meridionalis were fed, the protein 
content as a percentage of the dry weight of style declined 
very rapidly in the first 6 hours after feeding, while 
a-amylase activity per unit protein increased. In A. ater, 
the protein content as a percentage of the style dry weight 
increased, while a-amylase activity per unit protein declined 
' 
dramatically (Fielding,, unpublished· data) . Thus there would 
appear to be a difference in the priority in which style 
proteins are manufactured in the two species, and style 
dissolution and manufacture may be a complex process. More 
detailed knowledge is required to obtain a better 
understanding of the role of this organ in the digestive 
process. 
In conclusion, on the basis of their ability to hydrolyse 
commercially pure polysaccharide substrates, four South 
African mussel species exhibit considerable differences in 
the hydrolytic potentials of the major polysaccharases 
present in the crystalline style and digestive gland. These 
differences in polysaccharase activity indicate differences 
in their abilities to utilise food resources and this could 
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partly account for their distributions along the coastline. 
However, solutions of style and digestive gland enzymes do 
not easily hydrolyse detri tal material and it is not clear 
how important such differences in polysaccharase activities 
are in the digestion of naturally occurring particulates. 
Particular attention should be given to determining the 
extent of mechanical and bacterial breakdown of food in the 
mussel gut and the process of style renewal. 
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1,5% agar in sea water growth medium 
Sea water growth medium: 
3 parts 0,45 µm filtered sea water 
1 part glass distilled water 
0,5% w/v peptone 
0,1% w/v yeast extract 
0,01% ferric phosphate 
Dinitrosalicylic acid reagent 
2 g of 3, 5-dinitrosalicylic acid were dissolved in 40 ml 
2N NaOH. A further 100 ml of distilled water were added 
together with 60 g of sodium potassium tartrate. The 
solution was heated and stirred to dissolve the reagents and 
made up to 200 ml with distilled water. 
282 
Falin-Lowry Protein Determination 
Reagents 
A 1 N NaOH 
B Sodium potassium tartrate - cuso4-Na2co3 mixture was made 
up fresh daily as follows: 
0,5 ml 2% w/v sodium potassium tartrate 
0,5 ml 1% w/v cuso4 
5,0 ml 20% w/v Na2co3 
This was made up to 50 ml with distilled water 
c Falin reagent: 1 M 2N Falin Ciocalteus (Merck) reagent 
was diluted to 2,5 ml with distilled water. 
Calibration 
A stock solution of crystalline bovine serum albumin was 
diluted to obtain standards with a final protein content of 
40, 80, 200, 300, 400, 500 and 600 µg.ml- 1 , which were used 
to construct a calibration curve. 
Procedure 
To 250 µl of sample (standard) were added 250 µl A and 2,5 ml 
B. This was vortexed and allowed to stand for 10 minutes. To 
this was added 250 µl C and after standing for 30 minutes 
the solution was read against H2o at 660 nm. Blank values 
were subtracted from readings. 
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Nelson-Somogyi Reagents 
Somogyi reagent A: 
24 g Na2co3 
16 g NaHC03 
12 g Sodium potassium tartrate 
144 g Na2S04 
These were dissolved in 800 ml distilled water, boiled, and 
sealed in a brown bottle. 
Somogyi reagent B: 
4- g cuso4 • 5H20 
36 g Na2so4 
These were dissolved in 200 ml distilled water and stored in 
a brown bottle. Somogyi reagents A and B were mixed in a 
ratio of 4:1 on the day of use. 
Nelson reagent: 
25 g (NH4 ) 6Mo7o 24 .4H20 were dissolved in 450 ml distilled 
water. 21 ml cone. H2so4 and 3 g Na2HAso4 dissolved in 25 ml 
distilled water was added. The solution was kept at 37°c for 
24 hours and stored in a brown bottle. 
Phosphate buffer pH 6,9 with 150 mN NaCl 
A 2,722 g KH2Po4 was dissolved in 1 1 distilled water. 
B 3,560 g NaHP04 was dissolved in 1 1 distilled water. 
389 ml of A and 611 ml of B were mixed and 8, 766 g NaCl 
was added. 
Acetone - Merck. 




Ammonium acetate - Protea Chemicals. 
Ampicillin - Boehringer Mannheim. 
-amylase from Bacillus subtilus - Sigma, crude type III. 
Arabinose - Merck. 
Biocide 'D' - Biocide Products, Woodstock, Cape Town. 
Bovine serum albumin, gel filtration standard - Boehringer 
Mannheim. 
Bovine serum albumin, Lowry protein standard - BDH, England. 
Carboxymethyl. cellulose - BDH, England. 
Chlorophyll g - Sigma. 
Cellobiose - Merck. 
Cellulase from Aspergillus niger - Sigma, practical grade II. 
Cytochrome C - Boehringer Mannheim. 
Dextrin - Merck. 
Fructose - Merck. 
Galactose - Merck. 
Glucose - Merck. 
Lactose - Merck. 
Laminarin - Sigma. 
Laminarinase - Sigma. 
Lysozyme - Boehringer Mannheim. 
Maltose - Merck. 
Mannose - Merck. 
Methanol - Merck. 
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Ovalbumin - Boehringer Mannheim. 
Oyster glycogen - BDH, England. 
Ribose - Merck. 
Sephacryl A-200 - Pharmacia Fine Chemicals. 
Starch - BDH, England. 
streptomycin sulphate - Boehringer Mannheim. 
Tetrabutyl ammonium acetate - Protea Chemicals. 
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REGULATION OF HAEMOLYMPH OSMOLARITY 
AND IONS IN THE GREEN PROTEA BEETLE, 
TRICHOSTETHA FASCICVLARIS, DURING 
DEHYDRATION AND REHYDRATION 
P. J. FIELDING and SUSAN W. NICOLSON 
Department of Zoology, University of Cape Town, Rondebosch 7700, South Africa 
(Received 7 March 1980) 
Ahstnct-1. During dehydration protea beetles lose weight rapidly, but their haemolymph osmolarity 
and sodium and potassium concentrations are well regulated. . 
2. Drinking restores the haemolymph volume and osmolarity to the original levels, but not the cation 
concentrations. 
3. Osmoregulation in the protea beetle is compared with that in other insects. 
4. The diet and behaviour of the beetle are important factors in its water balance. 
INTRODUCTION 
One of the most conspicuous insects in Protea fiower-
heads is the green protea beetle, Trichostetha f ascicu-
laris Linn (Scarabaeidae: Cetoniinaei This large and 
brightly coloured beetle is endemic to South Africa 
and always closely associated with the genus Protea 
(Gess, 1968i Its life history has been briefiy described 
by Skaife (1955): for eighteen months the larvae Jive 
on organic matter in the soil beneath termite mounds, 
then the· adult beetles emerge in autumn to feed on 
Protea nectar and pollen. 
Because of its partially liquid diet, the protea beetle 
may not need to conserve water as efficiently as other 
. terrestrial insects; Studies of the effect of dehydration 
on xeric and desert species have demonstrated their 
remarkable ability to maintain water and ion balance 
under adverse conditions (Edney, 1977). Water loss in 
these insects is kept to a minimum, and the internal 
environment is regulated within rather narrow limits. 
The present investigation was designed to show 
whether the protea beetle is indeed more vulnerable· 
to water loss by transpiration, and to what extent it 
can cont. ,•I its haemolymph composition. 
METHODS 
Beetles were collected from Protea grandiceps growing at 
Kirstenbosch Botanic Gardens, Cape Town. For the dehy-
dration experiments a desiccator containing silica gel pro-
vided a relative·humidity of 10-15% The beetles were not 
confined in individual vials, but were allowed to roam 
freely about the desiccator. After 6 days of dehydration 
they were allowed access to cotton wool soaked with dis-
tilled water, and were maintained at 5~% r.h. for a 
further· 3 days. All experiments were carried out at 
26 ± 1°c. 
Ten of the beetles were marked with queen bee numbers 
(Graze, Weinstadt, West Germany) and weighed at 1000 hr 
each day, to the nearest 0.1 mg, during the 9 day experi-
mental period. The remaining. beetles were killed atappro-. 
priate·intervals for measurements of haemolymph volume, 
osmolarity and cation concentrations during dehydration 
and rehydration~ 
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Haemolymph volume was estimated by the gravimetric 
method of Richardson et al. ( 1931 ~ which consists of dis-
secting a weighed insect and carefully removing the haemo-
lymph with absorbent tissue before reweighing. Since the 
specific gravity of insect haemolymph is approximately 
unity (Altman & Dittmer, 1974~ the weight in mg was 
taken as equal to the volume in µI. 
Samples of haemolymph for analysis were obtained by 
decapitating the insect and collecting the haemolymph in 
micropipettes (Drummond Scientific Co.). The few samples 
contaminated with yellow gut fluid were discarded. Osmo-
larity of the haemolymph was determined immediately 
after collection, on a Wescor 5100B Vapour Pressure 
Osmometer. Diluted haemolymph samplP.S were analysed 
for sodium and potassium on an IL 243 Flame Photometer 
(Instrumentation Laboratory) . 
RESULTS 
During dehydration the marked beetles lost weight 
at the rate of 4.3% of their original weight per day 
(Fig. I). On the first day their weight loss was 
increased by the excretion of a brown fiuid. After 6 
days of dehydration body weight was 74.3 ± 1.0% 
(mean ± SE) of original weight. Recovery was good if 
the beetles were given water at this stage, their weight 
returning to 89.7 ± 1.4% of original weight during 
24 hr of rehydration. Dehydration for longer than 6 
days, however, resulted in a high mortality. 
Figure 2 shows the changes in haemolymph volume 
during dehydration and rehydration. Because of the 
variation in size between individuals, the data are cor-
rected to a standard animal weighing initially 1.407 g. 
Desiccation caused the haemolymph volume to fall 
sharply, from 239 ± 18 µI in control insects to 
65 ± 3 µl on day 6. Drinking, however, returned the 
haemolymph volume to normal. During the 3 days of 
rehydration the haemolymph volume did not differ 
significantly from that of the controls (P > o.osi 
The increases in haemolymph osmolarity and ion 
concentrations resulting from desiccation were less 
than would be expected from the volume changes. 
Figure 3 shows a 63% increase in osmolarity during 
the 6 days of desiccation, followed by the restoration 
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Fig. I. Weight changes of protea beetles during dehy-
dration and rehydration. Time of drinking (day 6) shown 
by arrow. Vertical lines indicate ± I SE. except where sym-
bol c;xceeds size of the SE. N = 10. 
of normal values after drinking. Differences in haemo-
lymph osmolarity of control and rehydrated beetles 
·were not significant (P > O.Os~·· 
Figure 4 shows the effects of dehydration and 
rehydration on sodium and potassium concentrations 
in the haemolymph. Sodium levels increased by only 
31% during 6 days of dehydration, from 107 ± 8 mM 
to 140 ± 13 mM. The potassium concentration was 
stable for the first 4 days, then rose steeply. By 24 hr 
after drinking, the concentrations of both ions had 
dropped significantly below normal values (P < 0.05). 
Even by the third day of rehydration the normal con-
centrations had not been restored. 
DISCU~ION 
It is difficult to compare osmotic and ionic regula-
tion in different insects unless the severity of dehy-
dration during experiments is taken into account. The 
insects may be deprived of both food and water and 
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Fig. 2 Effects of dehydration and rehydration on haemo-
lymph volume (µI). Drinking shown by arrow. Data are 
corrected to a standard insect of initial weight 1.407 g. Ver-
tical lines indicate ± I SE. unless symbol larger than SE. 
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Fig. 3. Changes in haemolymph osmolarity (mOsm/1) dur-
ing 6 days of dehydration. ronowed by 3 days of rehydra-
tion. Time .of drinking shown by arrow. SE's given by verti-
cal lines, unless smaller than symbols, and N = 6. 
drinking water alone may be withheld and the humid-
ity not controlled. In the latter case, although pro-
vided with food. cockroaches may be reluctant to eat 
(Tucker, 1977~ Because of this variation in experi-
mental conditions, the osmoregulatory ability of an 
insect is best assessed by relating changes in its hae-
molymph volume to the corresponding changes in 
haemolymph composition. 
The haemolymph volume of the protea beetle is 
drastically reduced during desiccation and it seems 
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Fig. 4. Effects of dehydrat'ion and rehydration on sodium 
(._:...-.)and potassium (0--0) concentrations (mM) in 
the haemolymph of protea beetles. Time of drinking 
marked by arrow. Vertical lines indicate ± I SE. unless 
symbol larger than SE. N = 6. 
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lymph to maintain tissue water levels, as in other 
insects (Edney, 1977~ A fall in average haemolymph 
volume from 239 µI to 65 µI during 6 days of dehy-
dration led to an increase in osmolarity from 
474 mOsm/l to 772 mOsm/l. In the absence of regu-
lation the osmolarity would be 4'74 x 
239/65 = 1742 mOsm/l. A similar calculation for the 
first day of rehydration, when the haemolymph 
volume increased from 65 µI to 221 µl, gives an 
expected osmolarity of 772 x 65/221 = 227 mOsm/I, 
whereas the measured value was 486 mOsm11. Thus 
the protea beetle regulates its haemolymph osmolar-
ity well during both dehydration and rehydration. 
Not surprisingly, sodium and potassium ions exhi-
bit a pattern of regulation similar to that for ihe total 
osmolarity. Sodium is the major haemolymph cation 
in many insects, particularly in those most familiar to 
physiologists, and in cockroaches the reversible stor-
age of sodium ions in tissues such as the fat body has 
been clearly demonstrated as a mechanism of osmore-
gulation (Tucker, 1977; Hyatt & Marshall, 1977~ Al-
though both sodium and potassium are removed from 
the haemolymph of Trichostetha during dehydration, 
it is possible that the potassium and about 33% of the 
sodium are excreted rather than stored, since even 
after 3 days of rehydration the concent~ations of these 
ions remain abnormally low (Fig. 4~ Under these con-
ditions other constituents of the haemolymph must be 
making an increased contribution to the total osmo-
larity, which does return to normal. Hyatt & Mar-
shall (1978') havi: established that the cricket Telec>-
gryllus, which is ·a relatively poor osmoregulator, con-
trols its haemolymph composition by elimination of 
cations rather than their storage. 
With the exception of the work on Teleogryllus just 
mentioned, most studies of this nature have con-
cerned insects adapted to dry or desert environments. 
Table 1 compares osmciregula~ion in the protea beetle 
and three other insects: the desert tenebrionid Ony-
macris, the cockroach Periplaneta and the cricket 
Teleogryllus. By using the data from protea beetles 
desiccated for 4 days, it has been possible to compare 
the effects of a 62--66% drop in haemolymph volume 
in all four insects. The table shows that, although 
excellent in Onymacris and Periplaneta, osmoregula-
tion is also quite good in the two species from more 
mesic environments, provided the period of desicca-
tfon is not prolonged. 
High rates of evaporative water loss in desiccated 
protea beetles may include a large respiratory com-
ponent Protea -beetles raise their thoracic tempera-
tures well above ambient before initiating flight 
(Nicolson & Louw, 1980), and preflight warm-up was 
observed in some of the beetles confined in the desic-
cator. Like flight itself, this activity would result in 
elevated rates of oxygen consumption and therefore 
greater respiratory water losses. · · 
Protea beetles may not actually experienee prob-
lems of water shortage in their natural environment 
Not all insects are forced to conserve water: in fact 
those feeding on blood or plant sap require special 
mechanisms for the rapid elimination of water 
(Edney, 1977~ Trichostetha, feeding on Protea nectar, 
may have temporary problems of water excess, es-
pecially when the nectar is diluted by rain colleeting 
in the flower-head. However, pollen is also important 
in the diet of protea beetles (Brunhuber, 1964; Nicol-
son and Louw, unpublished). The behaviour of the 
beetles serves to minimise water loss, in .that they 
spend only a small proportion of their time in flight 
and are usually to be found foraging in Protea ftower:-
heads or resting deep inside them. Depending on the 
shape and structure of the flower-head, the microcli-
mate within it may differ considerably from con-
ditions outside. The temperature inside the flower-
head of P. grandiceps can remain consistently higher 
than ambient temperature throughout the day (Nicol-
son & Louw, 1980), and nectar and rainfall may raise 
the humidity. Thus the protea beetle is very suscep-
tible to water loss, but its diet and behaviour are 
significant factors in maintaining total water balance. 
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Table I. Osmoregulation in 4 different species of insect, all dehydrated sufficiently to cause a decrease in 
the haemolymph volume of approx 66% 
Onymacris Peri planet a Trichostetha Te/eogryllus 
I 
T°C 26 25 26 25 
R.h., % 10-c!5 60 10-15 60 
Fed/unfed Not fed Fed Not fed Fed 
Initial wt (mg) 864 825 1407 624 
Wt loss, 'Yo/day 0:9 3.4 4.3 9.3 
Days 12 8 4 3 
~!,,Change in 
haemolymph volume -66 -64 -62 -65 
% Change in osmolarity +14 +II +38 +46 
% Change in Na• +5 +14 +23 +94 
% Change in K • +74 +22 +17 +102 
Na•+ K +as% 
total cations 62 9() 46 77 
Reference Nicolson. Hyatt & Present Hyatt & 
1980 Marshall, paper Marshall, 
1977 1978 
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ABSTRACT 
Direct measurements were made of the biomass of benthic 
diatoms in Langebaan lagoon, a sheltered lagoon on the west 
coast of South Africa. Highest biomasses occurred in the most 
sheltered areas and reached 18. 9 g. m-2 in the top 3 o cm of 
sediment. A large biomass was found even at depths of 
10-20 cm and 20-30 cm, often exceeding that in the 0-10 cm 
depth range. This contrasts with chlorophyll estimates of 
biomass, in which chlorophyll g_ declines rapidly below the 
photic zone. Very high sediment turnover rates by benthic 
macrofauna accounts for the presence of microalgae at depths 
of 30 cm below the- sediment surface. Currents or waves (and 
hence particle size) are inversely correlated with diatom 
biomass. Chlorophyll g_ concentrations in the surface layers 
of the sediment may reach 322 µg Chl g_.g~1 sediment, but 
generally values range from O to 34 µg Chl g_.g-l sediment. 
Like diatom biomass, chlorophyll g_ increases with declining 
waves and currents. Highest chlorophyll g_ concentrations 
occur in the top millimetre of sediment, declining to 35% of 
surface concentrations 5 cm below the surface. Rates of 
carbon fixation by benthic microalgae in the top 5mm of 
sediment were 17.38 mg c.m-2 .h-l at an exposed sandy beach, 
and 69.54 mg c.m-2 .h-l at a sheltered sand/mud beach. Benthic 
microfloral production rivals 
ranges from 
253 g C.m-2 .y-l 
estimates of 
(sand/mud) • 
phytoplankton production and 
63 g c.m-2 .y-1 (sand) to 
In the lagoon ecosystem, 
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production by benthic microalgae amounts to 22% of the total 
primary production of carbon. 
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INTRODUCTION 
Diatoms frequently form important components of the benthos 
of sheltered, shallow marine environments. In such systems 
the benthic microalgal community may contribute considerably 
to overal.l primary productivity, and may also affect 
phytoplankton production by recycling nutrients within the 
benthos. In some cases the benthic primary productivity may 
rival that of the phytpplankton in the overlying waters 
(Cadee, 1980; Colijn , 1982; Varela & Penas, 1985 Lukatelich 
& McComb, 1986). 
Primary production by littoral diatoms differs from that of 
open waters bec'ause all carbon fixation must take place in 
the top few millimetres of the sediment, since light 
penetration of the sediment is negligible (Pamatat, 1968; 
Gargas, 1970; Fenchel & Straarup, 1971; Cadee & Hegeman, 
1974). However, microalgae (usually recorded as chlorophyll) 
are frequently found below this depth and are capable of 
photosynthesis when exposed to light (Steele & Baird, 1968; 
Pamatat, 1968; Hunding, 1971; Riznyk & Phinney, 1972; Cadee & 
Hegeman, 1.97 4) . 
Vertical migration of diatoms regularly occurs over short 
distances of a few millimetres and may be tidally induced or 
diurnal (Aleem, 1950; Pomeroy, 1959; Palmer & Round, 1967; 
Colijn & van Buurt, 1975; Admiraal et al., 1982). Howeyer, 
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diatoms are frequently found so deep in the sediment that 
their limited mobility would be insufficient to allow them 
regular access to the surface and to adequate light for 
photosynthetic activity. For example, diatoms have been found 
at depths of 10 cm (Cadee, 1980;), 20 cm (Steele & Baird, 
1968) and 30 cm (Branch & Pringle, 1987) in the sediment, 
although generally it is assumed that most benthic microalgae 
occur in the top few centimetres of the sediment. 
Recently, measurements of chlorophyll concentrations and 
production have been made in several calm-water localities 
(Davis & Mcintire,1983; Colijn & de Jonge, 1984; Nowicki & 
Nixon, 1985; Varela & Penas, 1985; Lukatelich & McComb, 
1986). However, apart from the works of Fenchel and Straarup 
( 1971) , Admiraal et al. ( 1982) and de Jonge ( 1985) few 
attempts have been made to obtain a direct measure of benthic 
microalgal numbers, and biomass in the sediment is generally 
recorded as chlorophyll content. The chlorophyll g content of 
diatoms kept in the dark appears to decrease (Gargas & 
Gargas, 1.982), which implies that estimates of biomass 
measured as chlorophyll content in the deeper sediment layers 
may be in error. 
Comparatively little work has been done on the standing 
stocks and productivity of benthic microalgae in ·southern 
Af.rican lagoons and estuaries, although Dye (1978) has 
measured their production in the Swartkops estuary. The 
present observations on benthic microalgae were made in 
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Langebaan lagoon, a partially enclosed marine system situated 
between 33°00 1 to 33°13'S and 17°57' to 1a0 oa 1 E, on the south 
west coast of South Africa. The upper reaches of the lagoon 
are very sheltered and consist of shallow water saltmarshes 
and extensive sand flats, which support a large and varied 
diatom population (Giffen, 1975; Giffen, 1976). Nearer the 
mouth of the lagoon and in adjacent Saldanha Bay, strong 
tidal currents and wave action disturb the sediments so that 
there is a gradient of energy from the head of the lagoon to 
the open bay (Flemming, 1977 a,b). 
Extensive research has been carried out on many aspects of 
the lagoon ecology (Christie and Moldan, 1977; Flemming, 1977 
a,b; Henry et al., 1977; Puttick, 1977; Christie, 1981), but 
so far the contribution of the microalgal benthic primary 
producers to the whole system has not been determined. The 
following work was carried out to determine the distribution 
and biomass of benthic diatoms in the lagoon, and to relate 
this to the energy gradient that exists along the length of 
the lagoon, and to the chlorophyll g content of the sediment. 
Benthic microalgal biomass, determined by direct measurement, 
is compared with that of other benthic components and, on the 
basis of a short term measurement of productivity, the 
benthic production relative to that of macrophytes and 
phytoplankton is estimated. 
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MATERIALS AND METHODS 
Diatom numbers and biomass. 
Sediment samples were collected at ten stations around the 
lagoon (Figure 1) from the high, mid and low shore, and 
subtidally at about 30 cm below low water spring tides. Five 
cores, 30 cm long and 5 cm in diameter, were removed from the 
sediment at each tidal level, excluding the sites at Long 
Beach and Kraalbaai where subsurface rocks prevented 
collection of the deeper samples . Each core was sectioned 
into three depth intervals: 0-10 cm, 10-20 cm and 20-30 cm. 
All five replicates from each depth were mixed together and a 
50 cm3 subsample taken. Each subsample was processed with a 
modified Oostenbrink apparatus (Fricke, 1979) to extract the 
diatoms. Samples were stained with rose-bengal and numbers of 
live diatoms counted using a microscope. The dimensions of 
diatoms were measured using a graduated microscope eyepiece. 
Diatom volumes were then calculated and dry biomass estimated 
assuming a specific gravity of one and a water content of 
80%. 
Chlorophyll analyses 
Sediments at seven of the ten stations were sampled for 
chlorophyll, i.e. Lynch Point, Long Beach, Klein Oesterwal, 
Bottelary, Geelbek, Churchhaven and Kraalbaai (Figure 1). 
Samples were taken between 0830 and 1230 hours at the high, 
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Figure 1. Saldanha Bay and Langebaan lagoon. Numbers indicate 
sampling stations around the edge of the lagoon. 
8 
obtain duplicate samples of 2-7 g at the surface and at 5, 
15 and 25 cm below the surface of the sediment. 'Sediment 
samples were placed in stainless steel tubes containing 2 ml 
90% acetone and a few milligrams of finely powdered Mgco3 to 
prevent acidification (Strickland & Parsons, 1972). 
To extract the chlorophyll, sediment samples were ground in 
the steel tubes, and the supernatant was removed. Functional 
chlorophyl g and phaeopigments were measured following the 
method of Lorenzen ( 1967) . Chlorophyll .Q was also measured 
(Strickland & Parsons, 1972) to determine whether blue-green 
and euglenoid algae formed a component of the benthos. 
Chlorophyll g was expressed as µg Chlorophyll g.g-l dry 
sediment. 
Carbon fixation and Chlorophyll a 
Four stations were chosen for simultaneous investigation of 
chlorophyll a· levels and of rates of in situ 14c fixation by 
benthic microalgae i.e. Long Beach, Klein Oesterwal, 
Bottelary and Geelbeck (Figure 1). Two light and one dark 14c 
incubation experiments were conducted at mid and low tide 
levels at each of the four stations between 1200 and 1400 
hours on successive sunny, cloudless days. 
Incubation chambers (12 cm long by 5 cm diameter) were 
pressed into the sediment to a depth of 6 cm and a core 
removed. The bottoms of the cylinders were then stoppered. 
The enclosed cores were replaced in the holes from which they 
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had been removed. Exactly 100 ml of 0.45 µm filtered seawater 
was added to each cylinder and 1 ml of NaH14co3 label ( made 
up to 10 µCi.ml-l in 0.45 µm filtered sea water and raised to 
pH 9.1) was added to each cylinder. After two hours the water 
covering each core was removed with a syringe. The cores were 
then removed intact from the cylinders and the top 5 mm of 
sediment was shaved off, lyophilized, and duplicate 20 to 
30 mg subsamples were counted in Instagel (Marshall et al., 
1973). Counts were corrected for quench using an internal 
standard and 14c hexadecane . Carbon fixation was determined 
after Marshall et al. (1973), assuming a carbonate content of 
25 mg co3 .1·-
1 for, sea water (Strickland & Parsons, 1972) • 
Carbon fixation was calculated per m-2 for the top 5 mm· of 
sediment using weight:volume conversions for the sediment. 
Adjacent to each incubation site duplicate samples of the top 
millimetre and the 2-5 millimetre depth interval were taken 
for chlorophyll analyses. 
RESULTS AND DISCUSSION 
Diatom biomass 
The dry biomass of the benthic diatoms is shown in Figure 2. 
With the exception of one site (Stofbergfontein Punt), diatom 
biomasses in the southern lagoon were highest -2 (18.97 g.m 
maximum) at subtidal and low tide sites, mid and high tide 
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Figure 2. Diatom biomass at depths of 0-10 cm, 10-20 cm, 
20-30 cm and 0-30 cm in the sediment at different tidal 
levels at stations around Langebaan lagoon. Degree of 
exposure, current strength and sediment phi values are also 
indi.cated. 
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Diatom biomass thus showed a very distinct North-South 
gradient similar to that of the mean sediment particle size 
and opposite to that of the energy of the currents (see 
Flemming, 1977a,b). Mean phi values are 2. 5 to 3 in the 
southern and eastern lagoon and 1 to 2 in the western and 
northern lagoon. Benthic microalgal biomass, generally 
measured as chlorophyll g has previously been shown to be 
related to sediment type, finer sediments having higher 
chlorophyll a concentrations than coarser sediments (Riznyk 
& Phinney, 1972; Colijn & Dijkema, 1981; Davis & Mcintire, 
1983; Shaffer & Onuf, 1983). The degree of physical 
disturbance has also been found to affect biomass (Moss & 
Round, 1967; Hickman & Round, 1970; van den Hoek et al, 1979; 
Colijn & Dijkema, 1981), but in this case it is difficult to 
separate the effects of particle size and physical 
disturbance, since the currents which are the main physicgl 
peturbators, are also the main sediment particle sorting 
mechanism in the lagoon (Flemming, 1977.a,b). de Jonge (1985) 
has stressed the importance of mud particles as a substratum 
for diatoms and' this may also partly account for the 
increasing diatom biomass towards the head of the lagoon. The 
mud content of the lagoon sediments is generally less than 1% 
but does increase very slowly towards the southern end of the 
lagoon, reaching 10% at Geelbek (Flemming, 1977b). 
The effect of tidal elevation on biomass is not clear. Riznyk 
and Phinney (1972) found that the lower intertidal zone had 
approximately 1. 5 times as many diatom cells as the mid 
intertidal zone, and twice as many as the upper intertidal 
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zone, while Colijn and de Jonge ( 1984) found the highest 
production at the highest tidal levels and Davis and Mcintire 
( 1983) found no effect of tidal height on algal biomass 
measured as chlorophyll g_. Subtidal and low tide diatom 
biomasses at Langebaan were 1.3 to 43 times greater than the 
corresponding high tide biomasses at the southern end of the 
lagoon. This is possibly related to the greater physical 
stress high on the shore and the shorter periods of exposure 
to water-borne nutrients. However , this trend was reversed 
at sites exposed to wave action (e.g. Lynch Point, Long Beach 
.and Jutbaai ) where the mid and high tide levels had higher 
biomasses than low and subtidal sites. The differences 
between shore levels were however, greatly overshadowed by 
the far greater differences between stations, which spanned 
three orders of magnitude. 
The benthic diatom density in Langebaan lagoon can be 
compared with that of the Ems-Dollard estuary in the northern 
hemisphere, us·ing weight:volume conversions for Langebaan 
sediments and assuming that the diatoms are approximately 
evenly distributed throughout a depth of 3 O cm of sediment 
(Figure 2). Admiraal et al. (1982) and de Jonge (1985) 
estimated cell densities of between 2x108 .m-2 and 7xlo10 .m-2 
in the top 5 mm of the Ems-Dollard sediments. Langebaan 
lagoon diatom numbers in the top 5 mm of sediment ranged from 
l. l6x104 cells.m-2 in the coarse sediments at Jutbaai to 
6.3x106 cells.m-2 in the finer sand of Bottelary. Thus diatom 
densities would appear to be somewhat lower at Langebaan. 
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It is also evident from Figure 2 that the greatest diatom 
biomass was not always found in the top layer of sediment. A 
large biomass was frequently found 10-20 cm or 20-30 cm below 
the surface of the substratum and, in many cases, biomass in 
these depth ranges exceeded that between o and 10 cm~ 
Although viable diatoms have been found at considerable 
depths before (Fenchel & Straarup, 1971; Riznyk & Phinney, 
1972; Admiraal et al., 1982) , in many studies diatoms are 
only investigated in the top few centimetres of the sediment 
(Riznyk et al, 1978; Colijn & Dijkema, 1981; Shaffer & Onuf, 
1983; Colijn & de Jonge, 1984; Varela & Penas, 1985; 
Lukatelich & McComb,1986). Figure 2 shows that a large 
potential carbon source may be available far below the photic 
zone, in spite of low chlorophyll concentrations that are 
generally recorded at these depths. Thus considerable food is 
available for infaunal invertebrate grazers and considerable 
carbon cycling can occur deep in the sediment. Gargas and 
Gargas (1982) showed that diatoms can still retain a 
photosynthetic capacity even after several months in 
darkness. Diatoms in the deeper sediments' therefore also form 
an important pool of potential primary producers which can 
resume photosynthesis if the surface algae are removed. This 
factor assumes some importance in the light of sediment 
turnover rates in Langebaan. 
The tidal currents and wind may be responsible for a limited 
amount of sediment disturbance, but reworking by the local 
13 
fauna seems of far greater importance. The sandshark 
Rhinobatus annulatus and the greater flamingo Phoenicopterus 
ruber disturb the superficial layers of the sediment, but 
Branch and Pringle (1987) have demonstrated that Callianassa 
kraussi is probably the main bioturbator, bringing to the 
surface up to 12 kg.m-2 .d-l of sediment, which is equivalent 
\ 
to a 70% turnover of the top 30 cm in a month. The diatom 
population of Langebaan lagoon needs to be understood in the 
light of this continuous sedimentary upheaval. 
Diatom biomasses in the lagoon are similar to those of other 
benthic invertebrates . Mean dry biomass of the intertidal 
invertebrate macrofauna is 12.6 g.m-2 (Carr, unpublished 
data), while bacterial biomass is about 14.2 g.m-2 (Mazure 
and Branch, 1979). Maximum diatom biomasses at Bottelary and 
-2 Geelbek were 18. 9 and 14. 9 g. m . However, al though 
microalgal biomass appears significant in these terms, a 
rough estimate of the contribution to the total organic pool, 
using the correlation between organic material and the 
percentage mud in the sediment (Mazure and Branch, 1979), and 
assuming a 70% organic content for diatoms, shows that 
microalgae constitute a very small fraction (<2%) of the 
organic pool. 
Figure 3 shows the percentage of the diatom biomass composed 
of pennate diatoms at various stations around Langebaan 
lagoon (to a depth of 30 cm in the sediment). At sites of 
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lowest, particularly at Geelbek where current velocity is 
least, and sediment phi values and the mud fraction are 
highest. If pennate diatoms are motile and non-pennate 
diatoms are considered non-motile, then non- motile diatoms 
predominated at the lowest end of the current and wave energy 
gradient, presumably because the chances of being washed away 
were small .• At exposed sites and those subjected to stronger 
currents, motile forms comprised a much larger proportion of 
the diatom population. The ability to burrow below the 
surface probably enhances survival when the sediment surface 
is subjected to waves, and current velocities of 85 tq 
130 cm. sec-1 (Flemming, 1977b). 
Sediment chlorophyll. 
Sediment chlorophyll concentrations were determined by the 
method of Lorenzen (1967). Although it has been criticized 
(Jacobsen, 1978, 1980; Mantoura & Llewellyn, 1983) , this 
method of measuring "active" chlorophyll g_ is still widely 
used. because of its simplicity and applicability to 
processing large numbers of samples (see Colij n & Dij kema, 
1981; Davis & Mcintire, 1983; Rasmussen et al., 1983; Colijn 
& de Jonge, 1984.; Nienhuis & de Bree, 1984 Lukatelich & 
McComb, 1986). However it does have certain drawbacks because 
it does not distinguish between active chlorophyll and 
degradation products such as chlorophyllide g_, which may 
constitute a significant proportion of the chlorophyll 
fraction that is converted to phaeopigments upon 
acidif.ication. Chlorophyllase activity, which converts 
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chlorophyll s to chlorophyllide s, is particularly vigorous 
in diatoms (Barret & Jeffrey, 1964). Thus spectrophotometric 
analyses of sediment chlorophyll s are probably over-
estimates. The degree of over-estimation appears to vary and 
depends to some extent on the spectrophotometric method used. 
Jacobsen ( 1978) and Mantoura and Llewellyn ( 1983) obtained 
over-estimates of up to a factor of 12 when comparing 
sediment chlorophyll concentrations determined by 
trichromatic equations and high pressure liquid 
chromatography, but Daemen (1986) showed ·that the Lorenzen 
method over-estimated sediment chlorophyll s concentrations 
by approximately 20% when compared with HPLC estimates. 
Lukatelich and McComb, (1986) showed that chlorophyll a 
concentrations determined by the Lorenzen method decreased by 
less than 10% after hexane partioning. In the water column 
of the kelp beds along on the South African west coast, 
trichromatic equations significantly over-estimated 
chlorophyll s concentrations when compared with HPLC 
determinations, but there was no significant difference 
between HPLC and Lorenzen determinations (Fielding, 1987). 
Thus the Lorenzen method appears to provide a reasonable 
estimate of chlorophyll s concentrations. 
Figure 4 shows chlorophyll s concentrations at high, mid and 
low tide levels for the 1 mm surface layer and at depths of 
5, 15 and 25 cm in the sediment at Langebaan lagoon. Ninety 
six percent of samples had no chlorophyll Q, indicating a 
very minor blue-green or euglenoid algal presence. By far the 
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Figure 4. The chlorophyll g content of the sediment at the 
surface and 5, 15 and 25 cm below the sediment surface, in 
relation to tidal level. 
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highest concentrations of chlorophyll s (up to 
1 322 µg Chl___g.g- sand) occurred at the south-eastern end of 
the lagoon at Geelbek, which is at the lowest end of the 
current energy gradient. Very low chlorophyll s 
concentrations (0.49 to 1.03 µg Chl g.g-l sand) were found at 
the exposed Lynch Point. The chlorophylls.concentrations at 
the mid and high tide sites at Geelbek were particularly high 
because of a microalgal bloom· on the sediment surface. 
Except for one site, the highest concentrations of 
chlorophyll s occurred in the top millimetre of sediment 
(Figure 4). Chlorophyll s concentrations 5 cm below the 
sediment surface were usually between 16% and 86% of the 
corresponding surface layer concentrations with the mean 
val.ue being 35% (SD 26.3). Generally chlorophyll 
concentrations were even less at 15 and 25 cm below the 
sediment surface. However Figure 2 indicates that a very 
considerabl.e diatom biomass exists at depths o·f 10-2 O cm and 
20-30 cm. This underlines the discrepancies that can occur 
when biomass is assessed only from chlorophyll 
concentrations in the sediment. The decline in chlorophyll s 
concentrations with depth, indicates that there is a 
reduction in the chlorophyll s content of the diatoms after 
burial (see also Gargas & Gargas, 1982). 
Figure 4 shows no consistent gradient in sediment chlorophyll 
a concentrations from high tide to low tide or vice versa. To 
assess the standing stocks more accurately, the data on 
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chlorophyll g concentrations. g-l sediment were converted to 
chlorophyll g.cm-3 sediment using weight:volume conversions, 
and integrated over 25 cm. Despite this conversion there was 
no consistent pattern in the distribution of sediment 
chlorophyll g relative to tidal height. A one way analysis of 
variance of the percentage chlorophyll a in the top 
millimeter at high, mid and low tide levels also showed no 
difference between the tidal levels ( F = 1. 54, d. f. = 18, 
p > 0.05). 
The percentage of phaeopigments in the chlorophyll g samples 
is shown in Figure 5. It is evident that the pigments in the 
top millimetre of sediment were almost entirely active 
chlorophyll g and the level of phaeopigments was very low. 
Below this there was a sharp increase in the ratio of 
phaeopigment to chlorophyll g, usually progressively rising 
with depth. In many cases phaeopigments comprised 50% or more 
of the pigments assayed: similar values have been reportd by 
Catlee (1980) and Varela and Penas (1985). This indicates that 
much of the pigment in the deeper sediments is non-
functional, and stresses the importance of distinguishing 
between functional chlorophyll g and phaeopigments in tidal 
flat sediments. This is in contrast to the findings of Steele 
and Baird (1968), who showed no great increase in chlorophyll 
g breakdown products with increasing depth in the sand. 
Riznyk and Phinney (1972) detected significant differences in 
the percentage of phaeopigments from lower, mid and upper 
Figure 5. The percentage of phaeopigments in sediment 
chlorophyll ~ at the surface and 5, 15 and 25 cm below the 
sediment surf ace at various stations around Langebaan 
lagoon. 
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intertidal zones, with higher percentages being recorded from 
the upper intertidal area. No such trend is apparent in our 
data. 
At the time measurements of carbon fixation were made at four 
stations on the north eastern side of the lagoon (in June 
1980), chlorophyll g concentrations in the top millimetre of 
sediment (Fig. 6) were similar to those recorded a year 
previously (Figure 4) , except that the values for Geelbek 
were much lower, since the yellow-brown bloom noted in the 
previous year was absent during the latter experiments. 
Highest chlorophyll g concentrations (19.7 ug.g-l sand) were 
again recorded from Geelbek, and chlorophyll g concentrations 
in both the 1 mm and 2-5 mm layer of sediment increased with 
declining exposure to wave action and current energy, from 
Long Beach to Geelbek. Using appropriate weight:volume 
conversions, chlorophyll g concentrations were integrated 
over 5 mm, and when expressed per unit area show a very 
distinct increase from the exposed northern to the more 
sheltered southern end of the lagoon (Figure 6) • No 
phaeopigments w~re found in the samples, again reflecting the 
fact that most of the pigment in the shallow surf ace layers 
of the sediment is functional chlorophyll. 
Carbon fixation 
Figure 6 shows the rate of carbon fixation by benthic 
microalgae in the top 5 mm of sediment at the four stations 
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(Long Beach, Klein Oesterwal, Bottelary and Geelbek, see 
Figure 1). Carbon production values ranged from 
17.38 mg c.m-2 .h-l at Long Beach to 69.54 mg c.m-2 .h-l at 
Geelbek. Phytoplankton production is not greatly in excess of 
this. The data of Henry et al. (1977) show that the peak 
production of phytoplankton occurred in spring and averaged 
100 mg c.m-2 .h-l for the whole lagoon, but by summer 
production in the southern reaches was reduced to less than 
-2 -1 50 mg c.m .h , and south of Bottelary, in the more 
sheltered portion of the lagoon, production was less than 
this (Henry et al., 1977). Christie (1981) measured 
phytoplankton primary production at depths of 1, 2 and 3 m at 
eight stations in the channel between Rietbaai and Geelbek. 
Production was highest in summer and at the exposed northern 
end of the lagoon (300 to 314 mg C.m-3 .day-1 ) and lowest in 
winter and'at the sheltered southern end of the lagoon (40 to 
50 mg c.m-3 .day-1 ). Most of the lagoon is less than 3 m deep 
(Flemming, 1977a), so for purposes of comparison the 
production figures of Christie (1981) were converted to 
production per m2 assuming a 3 m depth and a 12 hour 
photoperiod (Henry et al., 1977). Production is thus 
approximately 75 to 78 mg c.m-2 .h-l in summer in the vicinity 
of Long Beach/Klein Oesterwal, and 10 to 12 mg c.m-2 .h-l in 
winter at Geelbek. These values are similar to, but slightly 
l.ower than, those of Henry et al., (1977). Christie (1981) 
measured primary production directly while Henry et al. , 
(1977) calculated primary production indirectly from 
chlorophyll .s concentrations. When these values are compared 
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with the benthic carbon fixation rates in Figure 6, ·it is 
evident that the productivity.m-2 of the lagoonal benthic 
microalgae is probably at least as great as that of the 
phytoplankton, in spite of the fact that the productivity of 
phytoplankton is integrated over an average water depth of 
3 m in comparison to the 5 mm of sediment for which benthic 
production was calculated. In a,ddition, the benthic carbon 
fixation rates were determined in winter. Since temperature 
and light intensity are the most important factors 
influencing carbon fixation by benthic microalgae, and 
increases in microfloral production rates have been recorded 
in spring and summer months elsewhere (Cadee & Hegeman, 1974; 
Dye, 1978; Cadee, 1980; Davis & Mcintire, 1983; Schaffer & 
onuf, 1983; Colijn & de Jonge, 1984; Varela & Penas, 1985), 
Bit is probable that benthic primary production rates at 
Langebaan lagoon will also increase in spring and summer and 
may exceed phytoplankton production rates. 
Phytoplankton production decreases from north to south in 
Langebaan lagoon together with a decline in nitrates (Henry 
et al., 1977; Christie, 1981), whereas the opposite trend is 
apparent in benthic primary production. This suggests that 
the benthic micro flora is independant of nutrient 
concentrations in the water column, relying rather on 
nutrients recycled in the sediment, while the large 
macrophyte population in the southern reaches of the lagoon 
(Christie, 1981) may rapidly deplete water column nutrients 
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that are introduced each tidal cycle, and so reduce 
phytoplankton productivity. 
Chlorophyll g content of the sediment can be measured quickly 
and accurately and large numbers of samples can be analysed 
to give an overall picture of standing stocks of benthic 
microalgae. Production measurements are not always readily 
undertaken, and as a guide a conversion factor can be derived 
from our data (Figure 6). Only the top 5 mm of sediment were 
considered, within which all primary production must occur 
and where phaeopigments were absent. A regression of 
chlorophyll g against benthic production yields the equation 
Y = 25.68 + l.098X (r2 = 0.87, n=7); where Y is chlorophyll g 
. -2 
concentration (mg Chl. g.m ) and X is carbon fixation 
(mg c.m-2 .h-'1 ). It is recognized that this quantification is 
at. best a rough one since benthic primary production may be 
seasonal while sediment chlorophyll levels may not always 
exhibit the same seasonality (Pamatat, 1968; Riznyk & 
Phinney,1972; Cadee & Hegeman, 1974; Riznyk et al., 1978; 
Varela & Penas, 1985; Lukatelich & McComb, 1986). Therefore 
ratios of chlorophyll g : carbon uptake may vary. Also 
photosynthetic and respiration rates of benthic diatoms may 
exhibit a tidal rythmn (Pamatat, 1968). However, Davis and 
Mcintire (1983) and Colijn and de Jonge (1984) have found a 
significant positive correlation between sediment chlorophyll 
g concentrations and primary production, so the relationship 
calculated above does provide a guide to the relative 
importance of benthic primary production in lagoons and 
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estuaries in the Cape Province of South Africa. Further work 
is planned to determine the seasonal variability of the 
relationship. 
Relative productivity of benthic microalgae 
Using the mean daily photoperiod of 12 hours estimated by 
Henry et al. {1977) for Langebaan lagoon, an approximate 
annual benthic microalgal production can be calculated. This 
yields figures of 63 g c.m-2 .y-l for the sandy Long Beach and 
253 g c.m-2 .y-l for the mud and sand at Geelbek. These values 
agree well with those obtained by other workers in a variety 
of localities {Pamatat, 1968; Cadee & Hegeman, 1974; Riznyk & 
Phinney, 1978; Cadee, 1980; Davis & Mcintire, 1983; Nienhuis 
& de Bree, 1984; Varela & Penas, 1985) . Dye { 1978) records 
production rates of 47.0 g c.m-2.y-2 in autumn and 
-2 -2 58.5 g c.m .y in spring on a sandy beach, and 
109.5 g C.m-2.y-1 {autumn) and. 123.0 g c.m-2.y-l (spring) on 
a muddy beach, in the Swartkops estuary in South Africa. 
These are very similar to values obtained in this study. 
Some rough comparisons may be made between benthic diatom 
production and the production of macrophytes and 
phytoplankton in Langebaan lagoon (Table 1). 
Macrophyte production in Langebaan lagoon has been 
investigated by Christie {1981). Sarcocornia perennis, 
Spartina maritima and Gracilaria verrucosa are the most 
important macrophytes in the system. Sarcocornia has the 
TlBLI 1. 
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highest annual production of 31 x 103 kJ.m-2 and Spartina and 
Gracilaria have annual productions of 20 x 103 kJ .m-2 and 
17 x 103 kJ .m-2 respectively. For comparison with data from 
this study, these values were converted to g C.m-2 by means 
of calorific and CHN values obtained by other workers (see 
Table 1) • 
If benthic diatom production rates from all locations shown 
in Figure 6 are averaged (39.09 mg c.m-2 .h-1 ) and a 12 hour 
photoperiod assumed (Henry et al., 1977) , annual benthic 
diatom production is 171 g C.m-2 . This is somewhere between 
net and gross production (Steele & Baird, 1968). The mean 
winter and summer phytoplankton production from all 8 
stations of Christie (1981) was 112 mg c.m-3 .day-l which, 
when integrated over the mean lagoon depth and calculated on 
an annual basis, -2 -1 amounted to 123 g c.m .y . In terms of 
unit area, macrophytes are therefore the most productive 
primary producers in Langebaan lagoon with values ranging 
from 138 to 688 g c.m-2 .y-l (or even 1300 g c.m-2 .y-l if the 
upper value is accepted for the minor macrophytes). The 
production of benthic diatoms and 
phytoplankton (123 g c.m-2 .y-1 ) is approximately equal and 
much lower than that of the principal macrophytes. However it 
is important to consider the area available for each kind of 
primary production. 
When the area occupied by each species is taken into account, 
total production of the lagoon's macrophytes is about 
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10.3 x 109 g C.y-l (Table 1). The lagoon has 1750 hectares of 
intertidal sand flats and 600 tiectares of saltmarshes 
(Summers, 1977). Assuming a benthic diatom production of 
171 g c.m-2 .y-l occurs throughout the saltmarshes and 
sandflats, benthic diatoms produce approximately 
9 -1 4,o x 10 g c.y . Mean phytoplankton production was 
-2 -1 123 g C.m .y . The total volume of the lagoon at spring low 
tide is 7.1 x 107 m3 (Christie & Moldan, 1977). Approximately 
7 x 107 m3 water flows in and out of the lagoon at each tidal 
cycle (Flemming, 1977b), so at high tide the lagoon contains 
approximately 14 x 10 7 m3 water. An "average" lagoon volume 
would be low tide volume plus half the volume that flows in 
and out at each tidal cycle (ie. 10.6 x 107 m3). Assuming a 
mean depth of 3m, this volume of water has a surface area of 
3530 ha and total phytoplankton production will be 
4 3 109 c -1 • x g .y . It is clear that in terms of the total 
primary production of carbon in Langebaan lagoon, the 
macrophytes are the most important contributers in the lagoon 
ecosystem. However, benthic diatoms contribute 22% of the 
carbon budget, and any interference with the tidal flats by, 
for example development or pollutants, will have a 
considerable impact on the system. 
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